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Word  of  Greeting 


The  conversion  of  heat  into  electric  power  and  vice  versa  using  the  thermoelectric  effect  is  of 
major  importance  for  very  different  areas  of  technological  application  -  for  example,  the  cooling  of 
highly  integrated  electronic  components  or  the  recycling  of  waste  heat  in  power  plants. 

The  most  recent  advances  in  the  field  of  materials  development  give  cause  to  expect  that  this 
conversion  can  be  even  more  efficiently  applied  in  the  future  than  has  been  the  case  so  far. 
Against  this  background,  international  research  efforts  in  which  physical  knowledge  is  combined 
with  application-oriented  development  are  to  be  welcomed. 

Special  credit  goes  to  the  International  Thermoelectric  Society  for  offering  those  researchers, 
developers,  producers,  and  users  interested  in  thermoelectricity  a  global  forum  for  the  discussion 
and  further  development  of  this  technology.  The  International  Thermoelectric  Society  has  played 
a  major  part  in  the  current  boom  of  thermoelectricity.  The  fact  that  the  annual  meetings  have  been 
held  for  some  years  now  on  an  alternating  basis  in  the  USA,  Japan  and  Europe  takes  due  account 
of  the  increasing  globalization  of  science  and  research. 

I  am  particularly  pleased  that  this  year’s  meeting  of  the  International  Thermoelectric  Society  is 
taking  place  in  Germany  for  the  first  time  at  the  Institute  of  Solid  State  and  Materials  Research  in 
Dresden.  This  can  be  interpreted  as  due  recognition  of  the  high  standard  of  materials  research  in 
Dresden.  I  wish  the  XVI  Annual  Meeting  every  success  and  hope  it  will  be  rewarding  for  all 
participants. 


Dr.  Jtirgen  Ruttgers 

Federal  Minister  of  Education,  Science,  Research  and  Technology 


Preface 


The  International  Conference  on  Thermoelectrics 
1997  was  the  XVIth  annual  meeting  of  the  Inter¬ 
national  Thermoelectric  Society  and  the  first  held  in 
Germany.  The  conference  was  hosted  by  the  Institute 
of  Solid  State  and  Materials  Research  Dresden  (IFW 
Dresden)  and  organized  by  ist  the  Thermoelectric 
Team.  The  conference  was  held  under  the  auspicies 
of  the  Saxon  State  Minister  of  Science  and  Arts.  It 
was  supported  by  the  International  Thermoelectric 
Society  (1ST).  European  Thermoelectric  Society 
(ETS),  and  Bundesministerium  fur  Bildung, 
Wissenschaft,  Forschung  und  Technologie  (BMBF) 
and  sponsored  by  several  German  and  International 
Organizations. 

The  XVI  ICT  followed  the  traditional  concept  of 
the  ICT  series  and  covered  a  broad  range  of  topics  in 
thermoelectric  research,  development  and 
application.  A  total  of  248  scientists,  engineers  and 
manufacturers  of  23  countries  attended  the 
conference.  Large  groups  came  from  Japan  (61), 
Germany  (54),  USA  (40),  Russia  (24),  Ukraine  (13), 
Korea  (10),  France  (8)  and  Israel  (7). 

A  total  of  181  papers  were  actually  presented 
including  6  plenary  and  16  invited  papers.  74  of  the 
contributed  papers  were  given  in  oral  and  85  in 
poster  presentation.  This  was  the  largest  number  of 
presented  papers  and  the  second  largest  attendance 
within  the  ICT  series.  This  indicates  the  increasing 
interest  in  thermoelectrics  worldwide. 

The  scientific  programme  was  organized  in  three 
main  subjects  covering  the  following  topics:  (i)  State- 
of-the-art  thermoelectric  materials,  (ii)  Novel 
thermoelectric  materials,  (iii)  Thermoelectric 
devices,  systems  and  applications. 

Many  highlights  were  set  by  the  invited  and 
contributed  papers.  In  this  preface  only  some  of  the 
high-quality  reports  can  be  mentioned:  Rare-earth 
filled  skutterudites,  heterostructure  integrated 
thermoionic  refrigeration,  epitaxial  heterostructures 
based  on  layered  thermoelectrics,  papers  on 
transition  metal  compounds  and  on  thermoelectric 
microcoolers.  Due  to  the  high  qualitiy  of  the  reports 
we  could  find  the  best  paper  and  poster  awards  only 


by  consistent  restricting  to  presentations  by  young 
scientists.  The  best  paper  award  was  confered  to  R. 
Martin-Lopez  (Ecole  des  Mines,  Nancy)  for  her 
paper  on  thermoelectric  properties  of  mechanically 
alloyed  Bi-Sb,  the  best  poster  award  to  K.Fess 
(University  Konstanz)  for  his  paper  on  the 
thermoelectric  properties  of  the  skutterudite  CoSb3. 

According  to  the  ICT  tradition  a  technical 
exhibition  was  held  concurrently  to  the  technical 
sessions  featuring  the  latest  devices  and  products 
from  TE  companies  as  well  as  products  and 
equipments  related  to  thermoelectricity.  13 
companies  and  research  institutes  of  6  countries 
presented  their  products.  For  the  ICF97  exhibition 
TE  thin  films  sensors  and  generators  have  been 
presented  for  the  first  time.  Many  attendees  have 
used  the  opportunity  to  contact  the  developers  and 
manufacturers  of  TE  devices  and  products  and  to 
continue  in  the  mutual  exchange  of  ideas  and 
projects. 

According  to  the  feedback  from  many  attendees  it 
appears  that  the  ICT’97  was  a  success.  As  chairmen 
of  this  conference  we  would  like  to  thank  all  who 
have  contributed  to  this  success.  First  of  all  thanks 
are  due  to  the  members  of  the  Organizing  Committee 
for  their  engaged  efforts  during  many  months  and  the 
authorities  of  the  Host  Institute  IFW  Dresden  for 
their  continuous  support.  Thanks  also  to  the 
members  of  the  International  Advisory  Committee 
for  many  helpful  advices  and  recommendations. 

Last  but  not  least  we  want  to  thank  the  following 
institutions  for  their  sponsoring:  the  Saxon  State 
Ministry  of  Science  and  Arts,  Deutsche 
Forschungsgemeinschafit,  European  Commission  - 
Secretariat  General  XII,  European  Office  of 
Aerospace  Research  and  Development  of  the  US  Air 
Force  and  Components,  Packaging  and 
Manufacturing  Technology  Society  (CPMT)  of 
IEEE.  Only  by  the  generous  sponsoring  of  these 
institutions  the  Organizing  Committee  was  in  the 
position  to  support  many  attendees  and  to  organize 
vital  parts  of  both  the  scientific  and  social 
programme. 


Armin  Heinrich,  Joachim  Schumann 
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Abstract 

Materials  with  the  skutterudite  crystal  structure  possess 
attractive  transport  properties  and  have  a  good  potential  for 
achieving  ZT  values  substantially  larger  than  for  state-of-the- 
art  thermoelectric  materials.  Studies  conducted  at  JPL  on 
CoAs3,  RhAs3,  CoSb3,  RhSb3  and  IrSb3  have  shown  that  p- 
type  conductivity  samples  are  characterized  by  carriers  with 
low  effective  masses  and  very  high  mobilities,  low  electrical 
resistivities  and  moderate  Seebeck  coefficients.  The  carrier 
mobilities  of  n-type  samples  are  about  an  order  of  magnitude 
lower,  but  low  electrical  resistivities  and  relatively  large 
Seebeck  coefficients  can  still  be  obtained  at  high  doping 
levels.  The  room  temperature  lattice  thermal  conductivities  of 
these  binary  skutterudites  was  found  to  be  7  to  10  times  larger 
than  that  of  Bi2Te3.  This  results  in  low  ZT  values  at  300K, 
though  very  heavily  doped  n-type  CoSb3  samples  can  achieve 
ZT~1  at  600°C.  Several  research  groups,  mostly  in  the  U.S., 
are  now  working  on  understanding  and  optimizing  the 
transport  properties  of  skutterudites.  Most  of  the  efforts  are 
focusing  on  reducing  the  lattice  thermal  conductivity  by 
filling  the  empty  octant  cages  in  the  skutterudite  structure 
with  rare  earth  atoms.  Additional  approaches  have  also  been 
pursued  at  JPL,  in  particular  the  formation  of  solid  solutions 
and  alloys,  and  the  study  of  novel  ternary  skutterudite 
compounds.  Recent  experiments  have  demonstrated  that 
ternary  compounds  such  as  Ru05Pd05Sb3  and  filled 
skutterudites  such  as  CeFe4Sb12  had  much  lower  lattice 
thermal  conductivity.  High  ZT  values  have  been  obtained  for 
several  filled  skutterudites  in  the  500-700°C  temperature 
range,  but  figures  of  merit  at  300K  are  still  low.  This  paper 
reviews  recent  experimental  and  theoretical  results  on 
skutterudites  with  a  particular  emphasis  on  the  transport 
properties  of  ternary  compounds  and  filled  compositions.  The 
latest  results  obtained  at  JPL  are  presented  and  the  possibility 
of  obtaining  high  ZT  values  near  room  temperature  is 
discussed. 

Introduction 

The  need  for  more  efficient  thermoelectric  devices  has 
driven  the  study  of  novel  semiconducting  and  semimetallic 
materials.  While  even  modest  improvements  in  the  maximum 
dimensionless  figure  of  merit  ZT  -  currently  achieved  by 
state-of-the-art  Bi2Te3  alloys  -  would  be  meaningful  for  near 
room  temperature  applications  [1],  thermoelectric  power 
generators  which  could  operate  in  the  200  to  1000°C 
temperature  range  are  facing  very  stiff  competition  from  other 
energy  conversion  technologies.  This  is  true  in  particular  for 


high  power  (over  200  W)  automobile  waste  heat  recovery  and 
space  applications  [2,3].  For  thermoelectrics  to  be  attractive, 
to  successfully  challenge  competing  conversion  systems  and 
to  develop  new  wide  ranging  applications,  ZT  must  attain  an 
average  value  of  1.5  to  3.0,  depending  on  the  type  and 
temperature  range  of  the  targeted  application.  This  rationale 
has  led  to  a  systematic  search  for  advanced  thermoelectric 
materials  with  a  good  potential  for  maximum  ZT  values  of  2.0 
to  3.0.  Studies  at  the  Jet  Propulsion  Laboratory  (JPL)  resulted 
in  the  identification  of  several  promising  classes  of  materials, 
and  in  particular  semiconductors  with  the  skutterudite  crystal 
structure  [4].  Following  JPL’s  efforts,  there  are  now  several 
laboratories  in  the  United  States  and  other  countries 
investigating  skutterudites  for  their  thermoelectric  properties. 
This  increasing  interest  in  skutterudites  is  linked  to  their 
unusual  electrical  and  thermal  transport  properties  which  offer 
attractive  possibilities  for  high  ZT  values.  This  paper  will 
briefly  review  the  large  body  of  experimental  data  obtained  to 
date  on  binary  and  ternary  skutterudites,  emphasizing 
common  characteristics,  and  will  attempt  to  provide  some 
guidelines  for  optimizing  thermoelectric  properties  near  room 
temperature. 

Crystal  Structure,  Existence  and  Composition 

The  prototype  of  the  cubic  skutterudite  crystal  structure 
(space  group  Im3)  is  the  CoAs3  compound  [5].  The  unit  cell 
contains  square  radicals  of  the  pnicogen  atoms,  [As4] 4'.  This 
anion,  located  in  the  center  of  the  smaller  cube,  is  surrounded 
by  8  trivalent  transition  metal  Co3+  cations.  The  unit  cell 
consists  of  8  smaller  cubes,  or  octants,  described  above  but 
two  of  them  do  not  have  the  [As4]  4‘  anions  in  the  center.  This 
is  necessary  to  keep  the  ratio  Co3+:[As4]  4'  =  4:3.  Thus,  a 
typical  coordination  structure  results  with  Co8[As4]6 
=2Co4[As4]3  composition  and  32  atoms  per  cell,  as  depicted  in 
Figure  1 .  Taking  into  account  one-half  of  the  unit  cell  and  its 
empty  octant,  one  can  represent  the  skutterudite  formula  as 
□T4Pn12,  where  □  is  the  empty  octant,  T  is  the  transition 
metal  and  Pn  is  the  pnicogen  atom.  If  considering  a  simple 
bonding  scheme  [6],  each  transition  metal  contributes  9 
electrons  and  each  pnicogen  contributes  3  electrons  to  the 
covalent  bonding,  for  a  valence  electron  count  (VEC)  total  of 
72  for  each  DT4Pn12  unit.  The  VEC  is  a  useful  number  in 
determining  semiconducting  skutterudite  compositions.  A 
filled  skutterudite  structure  is  simply  derived  from  the 
skutterudite  structure  by  inserting  one  atom  in  the  empty 
octants,  as  illustrated  in  Figure  1. 
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La,  Ce,  Pr,  Nd 


Fe,  Ru,  Os,  Co,  Rh,  Ir 


P,  As,  Sb 


Figure  1:  Skutterudite  crystal  structure:  32  atoms,  a  cubic 
frame  with  8  transition  metals,  24  pnicogens  distributed  in  six 
square  radicals  and  located  in  only  six  of  the  eight  octants. 
Two  rare  earth  elements  located  in  the  two  remaining  octants 
form  a  completely  filled  structure. 


Binary  compounds 


Table  1.  Lattice  parameter  a,  decomposition  temperature  Tm, 
band  gap  Eg,  of  binary  skutterudite  compounds 


Compound 

a  (A) 

Tm  (°C) 

Eg(eV) 

reference 

CoP3 

7.7073 

>1000 

0.43* 

7 

CoAsj 

8.2043 

960 

0.69* 

8 

CoSb3 

9.0385 

850 

0.63* 

9 

RhPj 

7.9951 

>1200 

- 

10 

RhAs3 

8.4427 

>1000 

>0.85* 

8 

RhSbj 

900 

0.80* 

9 

IrP3 

8.0151 

>1200 

- 

6 

IrAs3 

>1200 

- 

11 

IrSbj 

9.2533 

1141* 

1.18* 

4 

NiP, 

7.8190 

>850 

metallic 

12 

PdPj 

7.705 

>650 

metallic 

13 

*  JPL  findings 


There  are  eleven  II]T4Pn12  binary  skutterudites  reported  in 
the  literature  (see  Table  1).  The  nine  semiconducting 
compositions  are  formed  with  all  nine  possible  combinations 
of  T  =  Co,  Rh,  Ir  and  Pn  =  P,  As,  Sb.  The  existence  of  two 
more  skutterudite  phosphides  was  determined;  NiP3  and  PdP3. 
However,  in  these  two  compounds,  the  total  VEC  is  73, 
resulting  in  metallic  behayior  [15]. 

Known  values  for  the  lattice  parameter,  peritectic 
decomposition  temperature  and  band  gap  of  these  nine  binary 
compounds  are  reported  in  Table  1.  Decomposition 
temperatures  for  CoP3,  RhP3,  RhAs3,  IrP3  and  IrAs3  are  only 


lower  limit  estimates.  We  have  calculated  the  band  gap  values 
of  IrSb3,  RhSb3,  CoSb3,  RhAs3,  CoAs3,  and  CoP3  from  high 
temperature  Hall  effect  measurements  [14].  The  p-type 
RhAs3  sample  was  still  not  fully  intrinsic  at  the  highest 
temperature  of  measurement,  thus  the  value  of  0.85  should 
only  be  considered  a  lower  limit.  Less  heavily  doped  samples 
must  be  obtained  to  accurately  determine  the  band  gap  of 
RhAs3.  The  value  obtained  for  CoP3  is  only  preliminary 
because  the  sample  used  for  measurement  contained  CoP2 
inclusions.  For  the  arsenides  and  antimonides,  the  band  gap 
increases  in  sequence  from  the  Co-  to  the  Ir-based  compounds 
as  well  as  from  the  antimonides  to  the  arsenides. 


Ternary  compounds 


Table  2:  Lattice  parameter  a,  decomposition  temperature  Tm, 
band  gap  Eg,  electronegativity  difference  AX  of  ternary 
skutterudite  compounds 


Compound 


a  (A) 


Tm(°C) 


E.  (eV) 


AX 


Ref. 


CoGe,  5St  5 


8.0170 


-1000 


0.49 


[16] 


CoGel5Se15 


8.3076* 


-800 


1.50* 


0.47 


[16] 


CoGel5Te,5* 


8.7270* 


-800 


0.37 


CoSn,5Se15 


8.7259* 


-800 


0.50 


CoSn,  ^Te,  5* 


9.1284* 


-800 


>2.0* 


0.40 


RhGe,  5S, , 


8.2746 


>800 


0.49 


[17] 


IrGe,  5S, . 


8.297 


>800 


0.49 


[17] 


IrGe,  5Se 


1.5 


8.5778* 


>800 


1.38* 


0.47 


[17] 


IrSn,  5S, . 


8.7059 


>800 


0.52 


[17] 


IrSnISSe,  < 


8.9674* 


>800 


1.24* 


0.50 


IrSn15Tel5* 


9.3320* 


>800 


2.56* 


0.40 


Fco.5Nio.5Sbj 


9.0904 


729 


-0.16* 


0.12 


[18] 


FGo.5Fdo.5Sb3* 


9.2060* 


0.12 


Fco.5Fto.5Sb3* 


9.1950* 


0.12 


Fvio.5Nio.5Sb3* 


9.1780* 


0.11 


FUo.5Pdo.5Sb3* 


9.2960* 


647  ! 


-0.60* 


0.12 


[19] 


FUo.5Pto.5Sb3* 


0.12 


FCo.jNio.5AS3 


8.2560 


0.21 


[20] 


FeSb,Se* 


0.29 


FeSb,Te* 


9.1120* 


556* 


-0.27* 


0.24 


RuSb,Se* 


9.2570* 


0.21 


RuSb.Te* 


9.2680* 


810* 


1.20* 


0.16 


OsSb2Te* 


9.2980* 


>800 


0.15 


PtSn,  2Sb,  8 


9.3900 


0.18 


[21] 


7.9040* 


0.18 


NiGeBi,* 


9.4400 


*JPL  findings 
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The  existence  of  many  ternary  skutterudites  has  been 
determined.  Nine  ternary  compounds  have  been  reported  in 
the  literature  and  seventeen  more  have  been  discovered  at  JPL 
(see  Table  2).  Ternary  skutterudite  composition  are  derived 
from  binary  compounds  by  keeping  a  total  VEC  of  72.  Using 
□Co4Sb12  (CoSb3)  as  an  example,  substituting  trivalent  Co 
(Co3+)  by  divalent  Fe  (Fe2+)  and  tetravalent  Pd  (Pd4+),  results 
in  □Fe2Ni2Sbi2  (Fe0  5Ni0  5Sb3).  If  instead  Sb  is  replaced  by  Sn 
and  Te,  then  □Co4Sn6Te6  (CoSn15Te15)  is  obtained.  If 
substitutions  occur  on  both  transition  metal  and  pnicogen  site, 
then  □Fe4Sb8Te4  (FeSb2Te)  is  obtained.  It  appears  likely  that 
more  ternary  skutterudites  will  be  found,  in  particular  among 
phosphides  and  arsenides.  Using  Pauli’s  scale,  the 
electronegativity  difference  was  calculated  for  the  ternary 
compounds  reported  here.  Fe0  5Ni05Sb3  and  FeSb2Te  are  two 
ternary  phases  derived  from  CoSb3,  and  the  calculated  band 
gap  values,  0.16  and  0.27  eV  respectively,  are  much  smaller 
than  the  0.63  eV  value  for  CoSb3.  Similar  results  are  obtained 
for  RuosPdo  5Sb3  (0.6  eV),  which  is  derived  from  RhSb3  (0.8 
eV).  The  lower  band  gap  values  are  consistent  with  the  lower 
decomposition  temperatures.  This  is  not  the  case  of  RuSb2Te 
however,  which  has  a  band  gap  of  1.20  eV.  As  seen  in 
Table2,  it  is  interesting  to  note  that  the  larger  band  gap  values 
are  indeed  found  in  the  most  ionic  compositions, 
corresponding  to  substitution  on  the  pnicogen  site.  In 
addition,  the  lattice  parameter  of  the  ternary  compounds  is 
consistently  larger  than  the  one  obtained  for  their  binary 
analog.  On  average,  the  lattice  parameter  increases  by  0.7%, 
1.1%  and  0.6%  when  substitutions  respectively  occur  on  the 
transition  metal  site,  the  pnicogen  site  ,  or  both  sites 
simultaneously. 

Filled  compounds 

A  large  number  of  these  compounds  have  been  known  for 
some  time  (see  for  example  [15,  22-25]),  where  the  filling 
atom  is  typically  a  rare  earth  lanthanoid,  though  other 
compositions  with  actiftoids  Th  and  U,  [22,  26]  as  well  as 
alkaline  earths  Ca,  Sr  and  Ba  [25,27]  have  also  been  reported. 
For  a  typical  filled  skutterudite  composition  such  as  LaFe4P12, 
the  rare  earth  element  contributes  3  electrons,  but  due  to  the 
divalent  Fe  (Fe2+),  the  total  VEC  is  only  71.  This  deficit 
results  in  metallic  behavior  for  most  simple  filled  ternary 
compounds.  Only  CeFe4P12,  UFe4P12  and  CeFe4As12  have 
been  reported  as  semiconductors,  a  result  attributed  to  the 
higher  electronegativity  of  phosphorus  in  particular  which  is 
favorable  to  tetravalent  Ce  (Ce4+)  instead  of  trivalent  Ce 
(Ce3+).  However,  it  must  be  noted  that  Ce  was  found  to  be  of 
intermediate  valence  in  CeFe4P,2.  Compounds  based  on  Th 
(ThFe4P12  has  been  reported)  should  also  been 
semiconducting  since  Th  is  exclusively  tetravalent.  More 
recent  results  on  filled  skutterudite  antimonides  [28-30]  based 
on  LaFe4Sb12  and  CeFe4Sb12  have  shown  that  Fe  can  be 
replaced  by  Co,  leading  to  a  more  semiconducting  behavior  in 
these  materials.  However,  it  was  found  that  as  Co  substitution 
increases,  the  number  of  filling  La  or  Ce  atoms 
simultaneously  decreases.  It  thus  appears  that  the  VEC  of 


filled  skutterudites  can  vary  from  71  to  72,  depending  on  the 
valency  of  the  filling  atom. 

Solid  solutions. 

The  only  solid  solutions  between  binary  skutterudite 
compounds  previously  reported  in  the  literature  show  that 
CoP3  and  CoAs3  form  a  complete  range  of  solid  solutions 
which  obey  the  Vegard’s  rule  and  that  the  system  CoAs3_xSbx 
has  a  miscibility  gap  in  the  region  of  x  =  0.4  to  2.8  [31].  More 
recent  experimental  work  at  JPL  has  shown  that  there  is  a 
large  number  of  skutterudite  binary  and  ternary  compounds, 
including  filled  skutterudites,  which  form  solid  solutions,  at 
least  in  some  limited  range  of  composition  [32,33]. 


Table  3.  Existence  of  skutterudite  solid  solutions 


Compound 

Partial  Range 

Full  Range 

CoP3 

CoAs3* 

CoAs3 

CoSb3* ,  IrAs3 

CoSb3 

CoAs3* ,  Fe0  5Ni0  5Sb3 , 
FeSb2Te 

IrSb3 ,  CeFe4Sb]2 

RhSb3 

CoSb3 

IrSb3 

IrAs3 

CoAs3 ,  IrSb3 

IrSb3 

CoSb3 ,  IrAs3 

RhSb3 ,  RuSb2Te 

F^osNio  5Sb3 

CoSb3,  IrSb3, 

Ruo  sP^o5^b3 

R1io.5Pdo.5Sb3 

Ruo.5Pdo.5Sb3 

CoSb3 ,  IrSb3 

Feo.5Nio.5Sb3 

FeSb2Te 

CoSb3 ,  RuSb2Te 

RuSb2Te 

FeSb2Te 

IrSb3 

CeFe4Sb,2 

CeRu4Sb12 

CoSb3 

*  literature  results 


Thermoelectric  Properties  of  Binary  Compounds 

Electrical  properties 

The  antimonides  CoSb3,  RhSb3,  IrSb3,  and  arsenides 
CoAs3,  RhAs3  all  exhibit  semiconducting  behavior,  with  band 
gap  values  ranging  from  0.63  to  1.18  eV.  These  band  gap 
values  were  calculated  from  the  high  temperature  variations 
of  the  electrical  resistivity  and  Hall  coefficient  [14].  Almost 
no  data  are  available  for  the  binary  phosphides.  Due  to  the 
exceptionally  high  hole  mobilities,  p-type  skutterudites 
exhibit  high  electrical  conductivity  values,  ranging  from  2  to 
5xl05  Q^m*1  for  a  hole  concentration  of  lxlO19  cm*3.  The 
room  temperature  mobility  values  of  p-type  skutterudites  are 
1  to  100  times  higher  than  those  for  p-type  Si  and  GaAs  at 
similar  carrier  concentrations,  as  seen  in  Figure  2.  RhSb3 
exhibits  the  greatest  hole  mobility,  8000  cm^'V1  for  a  carrier 
concentration  of  2.5x1 018  cm'3,  which  is  about  70  times  higher 
than  p-type  GaAs  and  still  5  times  higher  than  n-type  GaAs 
[9].  This  is  due  to  small  hole  effective  mass  values  (as  low  as 
0.07  m0  for  RhSb3).  Due  to  the  preparation  techniques  used, 
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skutterudite  samples  with  carrier  concentrations  lower  than 
7.0xl016  cm"3  could  not  been  obtained  so  far  [9].  The 
temperature  dependence  of  the  carrier  mobilities  of  the 
skutterudites  also  compare  favorably  with  those  of  state-of- 
the-art  semiconductors.  Even  at  a  temperature  of  550°C,  the 
hole  mobility  of  IrSb3  was  observed  to  be  600  cmW  for  a 
carrier  concentration  of  6.5x1 018  cm'3  -about  4  times  the  value 
obtained  for  n-type  Si,  in  spite  of  the  polycrystalline,  small 
grain  structure  of  the  IrSb3  samples  [34].  Acoustic  phonon 
scattering  of  the  charge  carriers  was  found  to  be  the  dominant 
mechanism  at  300K  for  undoped  skutterudites  [35]. 


Figure  2:  Room  temperature  Hall  mobility  values  as  a 
function  of  carrier  concentration  for  several  skutterudite 
compounds.  Results  are  compared  to  those  obtained  for  state 
of  the  art  electronic  p-type  (solid  lines)  and  n-type  (dotted 
lines)  semiconductors:  Si,  Ge  and  GaAs. 


Figure  3:  Room  temperature  electrical  resistivity  and  Seebeck 
values  as  a  function  of  carrier  concentration  for  CoSb3. 


Skutterudites  with  n-type  conductivity  have  been  obtained 
by  doping  with  selected  elements  such  as  Ni,  Pd,  Pt  and  Te 
[34,  35].  The  electron  mobilities  of  n-type  CoSb3,  also 
plotted  in  Figure  2,  are  comparable  to  the  values  obtained  for 


p-type  Si  and  GaAs.  The  calculated  electron  effective  mass, 
3.1  m0,  is  much  larger  than  the  hole  effective  mass,  0.28  m0, 
in  CoSb3.  Experimental  results  obtained  on  CoAs3  and  IrSb3 
suggest  a  similar  behavior.  It  is  interesting  to  note  that  these 
characteristics  of  skutterudites  are  the  opposite  of  those  found 
for  Si,  Ge  and  most  III-V  compounds,  where  the  electron 
effective  mass  is  significantly  smaller  than  the  hole  effective 
mass. 

These  very  different  characteristics  lead  to  interesting 
variations  of  the  electrical  resistivity  and  Seebeck  coefficient 
with  carrier  concentration  and  temperature.  The  room 
temperature  variations  of  both  transport  properties  are 
reported  in  Figure  3  for  CoSb3  as  a  function  of  the  carrier 
concentration  obtained  from  measurement  of  the  Hall 
coefficient.  It  can  be  seen  that  to  achieve  the  same  electrical 
resistivity  values  n-type  CoSb3  samples  must  have  carrier 
concentrations  about  fifty  times  higher  than  n-type  samples. 
However,  because  of  the  large  electron  effective  masses,  the 
n-type  Seebeck  coefficient  values  are  also  much  larger  than  p- 
type  Seebeck  coefficient  values  for  the  same  carrier 
concentration. 

In  addition  to  detailed  optical  measurements  [36],  lattice 
dynamics  studies  [37,38],  the  electronic  band  structure  of 
CoSb3  has  also  been  calculated  from  first  principles  [39]. 
Calculations  indicated  the  presence  of  unusual  features  for 
several  binary  skutterudites  [39,40],  including  the  presence  of 
a  single  valence  band  crossing  the  high  temperature 
“pseudogap”,  resulting  in  an  actual  50  meV  gap  in  CoSb3  and 
no  gap  in  CoAs3  and  IrSb3.  In  addition  the  gap-crossing 
valence  band  follows  a  linear  dispersion  and  peculiar  carrier 
mobility  and  Seebeck  coefficient  carrier  concentration 
dependences  were  predicted.  These  theoretical  predictions 
have  since  been  completely  validated  by  detailed 
experimental  data  [35,41]. 

Thermal  conductivity 


Figure  4:  Thermal  conductivity  as  a  function  of  carrier 
concentration  for  binary  skutterudite  antimonides.  Results  are 
compared  to  those  obtained  for  state  of  the  art  thermoelectric 
materials. 
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The  thermal  conductivity  of  lightly-doped  p-type  CoSb3, 
RhSb3  and  IrSb3  samples  is  plotted  as  a  function  of 
temperature  in  Figure  4.  These  results  are  similar  to  those 
obtained  for  CoAs3  and  RhAs3  [8].  A  simple  calculation  using 
the  Wiedemann-Franz  law  shows  that  90  to  95%  of  the  total 
thermal  conductivity  is  due  to  the  lattice  contribution  near 
room  temperature.  At  high  temperatures,  acoustic  phonon 
scattering  is  mostly  responsible  for  the  decrease  in  thermal 
conductivity  with  a  T 1  dependence  [35].  Below  room 
temperature,  the  very  sharp  rise  in  thermal  conductivity  with 
decreasing  temperature  was  attributed  to  the  dominance  of  the 
phonon-phonon  Umklapp  scattering,  and  was  indicative  of  the 
purity  of  the  measured  samples  [41]. 

When  compared  to  state-of-the-art  thermoelectric 
materials  (10-40  mWcm^K'1),  the  thermal  conductivity  of 
binary  skutterudites  (100-150  mWcm^K'1)  is  too  high  to 
result  in  high  figures  of  merit. 

Heavily  Doped  n-type  CoSb, 

As  discussed  in  the  preceding  sections,  both  p-type  and  n- 
type  CoSb3  can  achieve  similarly  attractive  electrical 
properties,  with  power  factor  values  in  the  25-30  pW/cmK2 
range.  However,  because  the  optimum  carrier  concentration 
must  be  50  times  higher  in  n-type  samples  (~  5xl020  cm3), 
there  are  important  differences  in  thermal  conductivity  and 
figure  of  merit  values  between  p-type  and  n-type  samples. 
The  thermal  conductivity  of  heavily  doped  n-type  CoSb3 
samples  was  recently  measured  [35]  and  experimental  data 
are  shown  in  Figure  5.  For  lightly  doped  samples,  the  lattice 
thermal  conductivity  at  100°C  is  about  80  mWcm’K'1  but  for 
more  heavily  doped  samples,  the  value  decreases  to  about  44 
mWcm’K*1  (lxlO20  cm'3)  and  can  be  as  low  as  32  mWcm  'K'1 
(lxlO21  cm'3).  The  total  thermal  conductivity  of  the  most 
heavily  doped  sample  is  actually  higher  than  the  one  doped  at 
lxlO20  cm'3  because  of  the  large  electronic  contribution 
(proportional  to  the  electrical  conductivity). 


Temperature  (C) 

Figure  5:  Lattice  (dotted  lines)  and  total  (plain  lines)  thermal 
conductivity  as  a  function  of  temperature  for  CoSb3  samples 
with  various  doping  levels. 


The  temperature  dependence  of  the  lattice  thermal 
conductivity  becomes  weaker  for  more  heavily  doped 
samples,  indicating  that  electron-phonon  scattering  is 
responsible  for  the  large  decrease  in  lattice  thermal 
conductivity.  This  is  an  interesting  finding  because  charge 
carrier  phonon  scattering  would  scatter  the  phonons  with  low 
frequency  and  if  coupled  with  point  defect  scattering  (by 
forming  solid  solutions)  could  result  in  very  low  lattice 
thermal  conductivity  values.  The  combination  of  point  defects 
and  charge  carrier  scattering  was  utilized  in  Si-Ge  alloys  [42]. 
Because  of  lower  carrier  concentrations,  this  scattering 
mechanism  has  not  been  identified  yet  in  p-type  samples.  For 
optimum  carrier  concentrations,  maximum  ZT  values  in  very 
heavily  doped  n-type  CoSb3  samples  can  reach  0.9  to  1.0  in 
the  550-600°C  temperature  range. 

Ternary  Compounds 

Only  limited  information  is  available  in  the  literature 
about  the  electrical  and  thermal  properties  of  ternary 
skutterudite  compounds.  Some  results  obtained  at  JPL  on  six 
ternary  skutterudites,  FeSb2Te,  RuSb2Te,  OsSb2Te, 
Fe05Ni05Sb3,  Ru05Pd05Sb3,  IrSn15Se15  and  IrSn15Te15  are 
reported  in  Figures  6,  7  and  8.  FeSb2Te,  Fe05Ni05Sb3  and 
Ru0  5Pd0  5Sb3  appear  to  be  heavily  doped  semiconductors  with 
carrier  concentrations  values  ranging  from  lxlO20  to  lxlO21 
cm’3.  However,  Ru05Pd05Sb3  samples  showed  good  carrier 
mobility  values  (about  40  cm2/Vs  near  room  temperature), 
and  the  a  hole  effective  mass  of  0.28mo  was  calculated  [19]. 
Feo.5Nio.5Sbs  and  Ru05Pd05Sb3  also  have  low  Seebeck 
coefficient  values  and  mixed  conduction  effects  are  apparent 
in  Fe05Ni05Sb3  (n-type  Seebeck,  p-type  mobility).  Relatively 
high  Seebeck  coefficients  are  obtained  for  semimetallic  p- 
type  FeSb2Te  at  elevated  temperature,  which  is  surprising 
considering  the  very  high  carrier  concentration  and  small 
bandgap. 


Figure  6:  Hall  carrier  mobility  as  a  function  of  temperature 
for  several  ternary  skutterudite  compounds.  Carrier 
concentration  levels  are  also  reported. 
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Figure  7:  Seebeck  coefficient  as  a  function  of  temperature  for 
several  ternary  skutterudite  compounds. 

RuSb2Te,  IrSn!5Se15andIrSn15Tel5,  have  semiconducting 
behavior  with  typical  carrier  concentrations  of  lxl 019  cm3, 
carrier  mobility  ranging  from  50  to  100  cm2V'1s_1  and  Seebeck 
coefficient  ranging  from  120  up  to  250  pVK"1.  All  three 
compounds  were  also  found  to  have  relatively  large  bandgap 
values  (over  1 .2  eV).  It  is  interesting  to  note  that  these  latter 
materials  only  have  one  type  of  transition  metal.  Dopants, 
such  as  Ni  and  Te,  were  found  to  be  quite  ineffective  in 
changing  the  carrier  concentration  of  FeSb2Te,  RuSb2Te  and 
Ru0  5Pdo  5Sb3 .  From  these  initial  experimental  data,  it  is  clear 
however  that  significant  departures  from  the  band  structure 
and  doping  behavior  of  binary  skutterudites  exist  in  ternary 
skutterudites.  This  is  confirmed  in  the  next  section  when  we 
analyze  results  of  thermal  conductivity  measurements. 


Figure  8:  Thermal  conductivity  as  a  function  of  temperature 
for  several  ternary  skutterudite  compounds.  Results  are 
compared  to  those  obtained  for  lightly  doped  CoSb3. 


The  experimental  data  on  the  high  temperature  thermal 


conductivity  of  six  ternary  compounds,  FeSb2Te,  RuSb2Te, 
OsSb2Te,  Fe05Ni05Sb3  ,Ru05Pd05Sb3  and  IrSn,  5Se,  5  and  one 
quaternary  phase,  RuGe0  2Sb2Te0  8  are  plotted  in  Figure  8  [19, 

43] .  The  results  are  compared  to  the  data  on  lightly  doped  p- 
type  CoSb3.  The  lattice  contribution  to  the  thermal 
conductivity  is  greatly  reduced  in  these  materials,  with  room 
temperature  values  ranging  from  15  to  30  mW.cm’,K‘1.  The 
low  thermal  conductivity  values  of  these  compounds,  while 
very  encouraging,  are  nevertheless  a  bit  surprising 
considering  that  the  atomic  mass  and  volume  differences 
introduced  by  the  substituting  anion/cation  are  fairly  small. 
This  indicates  that  additional  mechanisms  must  be  involved. 

A  possible  explanation  for  the  unusually  high  phonon 
scattering  rate  could  be  that  transition  metal  elements  have 
mixed  valence  states  and  electrons  are  transferred  between  the 
different  ions,  thus  scattering  the  phonons  in  this  process  [43, 

44] .  When  substituting  trivalent  Co  (Co3+)  in  CoSb3  by  Ru 
and  Pd  to  form  the  stoichiometric  Ru0  5Pd0  5Sb3  composition,  it 
is  assumed  that  the  valence  state  of  Ru,  and  Pd,  are  Ru2+  and 
Pd4+  respectively.  Systematic  shifts  from  the  stoichiometric 
Ru05Pd05Sb3  were  revealed  by  microprobe  analysis  [19]. 
Results  indicate  that  the  Ru:Pd  atomic  ratio  can  vary 
substantially  from  the  expected  1 : 1  value  and  that  there  is  a 
significant  number  of  vacancies  on  the  transition  metal 
sublattice.  To  compensate  for  the  Pd  deficit  and  excess  Sb  in 
the  samples,  the  Ru  must  adopt  a  mixed  valence  state,  i.e., 
Ru2+  and  Ru4+.  Such  valence  fluctuations  were  recently 
confirmed  by  x-ray  absorption  near-edge  structure  analysis 
[44]. 

Such  stoichiometric  shifts  are  also  found  for  the  other 
ternary  skutterudites  and  experimental  data  for  samples 
prepared  at  JPL  are  presented  in  Table  4.  Based  on  electron 
microprobe  analysis,  each  composition  can  be  recalculated  to 
conform  to  the  T3+X3_1  stoichiometry,  adding  vacancies  to  the 
metal  sublattice  when  needed.  The  valence  ratio  v  of  the 
mixed  valence  transition  metal  (for  example  [Ru2+]/[Ru4+]) 
was  then  determined  from  the  ionic  formula.  The  lattice 
thermal  conductivity  calculated  from  the  measured  thermal 
conductivity  at  room  temperature  using  the  Wiedemann-Franz 
law  is  also  reported  in  this  table. 

Table  4:  Valence  Fluctuations  in  Low  Thermal  Conductivity 
Ternary  Skutterudites,  where  v  is  the  valence  ratio  (e.g. 
[Ru2+]/[Ru4+])  and  XL  is  the  lattice  thermal  conductivity  in  10‘3 
W/cmK. 


Composition  (at%) 

Ionic  Formula 

V 

T6j2.|Nij )  gSb75  2 

Fe2+o.5.Ni4+()4,Sb'l1 

-- 

29 

RUl2jPdio.6Sb77  1 

Do.  1  lRu2+0.2gRu4+0.2oF  d4+o.4 1  Sb  1  j 

1.4 

15 

Fe25.jSb52oTc22  9 

Fe2+o.9iFe3+o.o»Sb  l2.]Te°0  9 

10.4 

23 

Ru22.4Sb49  7Te25  j 

[]o.IoF-u2+0.79F-u4+0.  11  Sb  1  |.9«Te°|  02 

7.2 

28 

Os24.6Sb50.5Te24.9 

Do.o2Bs2+0  98Os4+o  02Sb'12  03Te°0  97 

32.3 

25 

Ru24.oGe4  7Sb50  6T  e20.7 

[]o.o5Ru2+o.75^u4+o.2Be“20  i8Sb  ^.oTeVgi 

3.7 

14 

Ir23  3Sn3g3Te3g4 

Do.o7^P  +o.6sI^4+o.2i  ®  ti"2 1 , 5T1  e° ,  5 

2.3 

42 
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Although  ternary  compounds  have  rather  low  thermal 
conductivity  values,  it  is  difficult  to  control  their  electrical 
properties.  When  doping  ternary  skutterudites,  and  supposing 
that  the  electron  exchange  mechanism  is  indeed  present, 
changes  in  carrier  concentration  are  not  easy  to  achieve 
because  dopants  can  be  compensated  by  small  fluctuations  in 
the  overall  valence  of  the  transition  metals. 

Fe-based  Filled  Skutterudites 

Recent  studies  have  focused  on  Fe-based  filled 
skutterudites,  investigating  the  electronic  band  structure  of 
CeFe4P12  and  CeFe4Sb12  [45]  and  the  transport  properties  of 
LaFe4.xCoxSb12  and  CeFe4_xCoxSb12  compositions  [28-30]. 
These  materials  are  particularly  attractive  because  of  the 
possibility  of  dramatic  reductions  in  the  lattice  thermal 
conductivity  due  to  the  “rattling”  of  the  filling  atom  in  the  two 
empty  octants  present  in  the  skutterudite  structure  [46].  As 
briefly  discussed  in  a  preceding  section,  the  VEC  in  filled 
skutterudites  such  as  LaFe4Sb12  is  only  71,  resulting  in 
metallic  behavior.  This  is  because  La  brings  only  three 
electrons  (La  is  exclusively  trivalent)  to  compensate  for  the 
four  electron  deficit  due  to  the  presence  of  Fe  (instead  of  say, 
Co).  It  also  has  been  demonstrated  that  Ce  is  nearly  trivalent 
at  temperatures  higher  than  100K  [30].  The  study  of  the 
CeFe4_xCoxSb12  compositions  was  thus  driven  by  the 
expectation  of  returning  to  a  semiconducting  CoSb3-like 
behavior.  The  high  temperature  electrical  and  thermal 
transport  properties  of  the  CeFe4_xCoxSb12  filled  skutterudite 
samples  have  been  measured  from  25  up  to  650°C.  The 
temperature  dependence  of  the  electrical  resistivity,  Seebeck 
coefficient  and  thermal  conductivity  are  reported  in  Figures  9, 
10  and  11,  respectively. 


Figure  9:  High  temperature  variations  of  the  electrical 
resistivity  of  p-type  CeFe4_xCoxSb12  filled  skutterudites. 

The  results  show  that  the  Fe-rich  compositions  have  a 
semimetallic  behavior  (very  high  carrier  concentration  of 
about  5xl021  cm'3  and  low  carrier  mobilities  of  2-5  cmY's’1) 
with  a  low  electrical  resistivity,  which  increases  slightly  with 


temperature.  However,  the  CeFe2Co2Sb12  sample 
demonstrated  a  more  semiconducting  behavior,  with  a 
bandgap  value  of  0.45  eV  determined  from  high  temperature 
electrical  resistivity  measurements 


Temperature  (°C) 

Figure  10:  High  temperature  variations  of  the  Seebeck 
coefficient  of  p-type  CeFe4_xCoxSb12  filled  skutterudites. 

What  is  most  surprising  is  the  magnitude  of  the  Seebeck 
coefficients,  ranging  from  55  to  125  pVK'1  at  25°C  and 
increasing  steadily  with  temperature.  Again,  the  intrinsic 
regime  is  obtained  in  CeFe2Co2Sb12  for  temperatures  over 
350°C.  These  values  are  comparable  to  those  obtained  for 
other  p-type  binary  skutterudites  except  that  here  the  carrier 
concentration  is  two  to  three  orders  of  magnitude  higher.  This 
is  attributed  to  the  fact  that  these  materials  behave  similarly  to 
heavy  fermions  systems:  the  hybridization  between  Ce  and 
the  transition  metal  (Fe  or  Co  here)  creates  a  small  bandgap 
and  carriers  possess  large  effective  masses  resulting  in  a  low 
mobility  but  unusually  high  Seebeck  coefficient  [45,47]. 


Figure  11:  Lattice  thermal  conductivity  as  a  function  of 
inverse  temperature  for  CeFe4_xCoxSbi2  filled  skutterudites. 
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As  shown  in  Figure  1 1,  the  lattice  thermal  conductivity  of 
filled  skutterudites  is  much  lower  than  the  values  obtained  for 
CoSb3.  The  CeFe4Sb12  sample  has  a  room  temperature  thermal 
conductivity  of  about  24  xlO^WcnCK'1  at  room  temperature 
and  increasing  up  to  27  xlO’3Wcm  ’’K’1  at  575°C.  Based  on 
the  low  electrical  resistivity  value  (0.5xl0’3Qcm),  the  lattice 
contribution  to  the  thermal  conductivity  was  estimated  at  12 
xlO'3Wcm  ^K’1  .  This  demonstrates  that  the  combination  of 
the  “rattling”  atom  and  very  high  carrier  concentration 
(5xl021  cm*3)  very  effectively  scatter  the  phonons,  and  results 
in  an  extremely  low  lattice  thermal  conductivity.  Similar  low 
thermal  conductivity  values  have  also  been  obtained  on  IrSb3- 
based  filled  skutterudite  compositions  [48,49]. 


Figure  12:  ZT  as  a  function  of  temperature  for  CeFe4_xCoxSb12 
samples,  with  0<x<1.0. 

The  combination  of  the  low  electrical  resistivity,  moderate 
Seebeck  coefficient  and  low  thermal  conductivity  resulted  in 
high  ZT  values  at  temperatures  above  400°C  for  the  Fe-rich 
compositions  (Figure  12).  A  maximum  ZT  value  of  1.4  has 
been  achieved  to  date  at  a  temperature  of  600°C  [28],  High 
ZT  values  have  also  been  reported  on  similar  compositions 
filled  with  La  instead  of  Ce  [29].  However,  because  of  the 
semimetallic  behavior  of  the  CeFe4_xCoxSb12  compositions  it  is 
difficult  to  control  carrier  concentration,  obtain  n-type 
conductivity  samples  and  optimize  the  thermoelectric 
properties  at  various  temperatures.  To  do  so  requires  the 
preparation  of  semiconducting  filled  skutterudites  with  good 
carrier  mobility  values. 

Skutterudites  for  Low  Temperatures 

Electron  microprobe  analysis  of  a  series  of  CeFe4_xCoxSb12 
has  demonstrated  that  the  amount  of  Ce  filling  decreases  with 
increasing  substitution  of  Fe  by  Co.  One  can  rewrite  those 
compositions  with  the  following  formula,  CefFe4_xCoxSbI2, 
where  f  represent  the  fraction  of  Ce  filling  (f  =1  represents 
complete  filling).  In  addition  to  Co,  substitution  of  Fe  by  Ni 
and  Ru  has  also  been  investigated  recently.  The  variations  of 
the  filling  fraction  f  as  a  function  of  x  have  been  plotted  in 


Figure  13  for  the  three  different  ranges  of  compositions.  The 
two  solid  lines  represent  the  expected  transition  for  Ni  and  Co 
from  p-type  to  n-type  (when  the  VEC  reaches  72),  taking  into 
account  both  f  and  x  variations.  When  Fe  is  totally  replaced 
by  Co,  only  a  very  small  amount  of  Ce  remains  in  the  sample 
(f  =  0.07)  while  completely  filled  CeRu4Sb12  can  be  prepared 
(f=l).  This  is  attributed  to  the  fact  that  Ru  and  Fe  are 
isoelectronic.  The  dotted  line  was  calculated  based  on  a 
CeFe4Sb12-Ce0.065Co4Sb12  range  of  “solid  solution” 
compositions.  CefFe4_xNixSb12  compositions  with  x  >  1.5  have 
not  yet  been  synthesized,  but  it  is  clear  that  at  equivalent 
concentrations,  Ni  substitution  results  in  less  Ce  filling  than 
Co  substitution.  However,  because  Ni  donates  two  electrons 
instead  of  only  one  for  Co  when  replacing  Fe,  the  decrease  in 
carrier  concentration  and  corresponding  change  in  properties 
with  increasing  x  is  much  stronger  for  CefFe4_xNixSb12. 


Figure  13:  Ce  filling  fraction  (f)  for  CefFe4_xMxSb12  samples  as 
a  function  of  Fe  substitution  by  M  (x)  with  M  =  Co,  Ni  and 
Ru.  No  decrease  in  Ce  filling  is  observed  for  CefFe4.xRuxSb,2 
samples. 

While  it  is  clear  that  filling  the  skutterudite  structure 
contributes  to  the  low  lattice  thermal  conductivity,  high 
carrier  concentrations  and  valence  fluctuations  could  also 
strongly  scatter  phonons  in  the  compositions  studied  so  far. 
Indeed,  a  typical  carrier  concentration  value  of  5xl021  cm’3  is 
obtained  for  CeFe4Sb12  at  300K,  while  a  carrier  concentration 
of  4xl020  cm’3  was  measured  for  both  Ce051Fe2  jCoj  9Sb12  and 
Ce0.75Fe3  jNiogSb^  compositions.  The  Co-based  sample  has 
51%  of  its  voids  filled  with  Ce  while  the  Ni-based  sample  has 
75%  of  filled  voids,  but  their  lattice  thermal  conductivity  is 
nearly  identical,  16  to  nxlO^Wcm^K’1,  to  be  compared  with 
a  value  of  12xlO'3Wcm  ^K'1  for  CeFe4Sb12. 

Another  interesting  result  is  the  fact  that  no  decrease  in 
lattice  thermal  conductivity  was  observed  when  Ru  was 
substituted  for  Fe.  It  seems  that  the  point  defects  generated 
by  a  Ru  atom  on  the  Fe  site  do  not  contribute  any  further  to 
the  overall  scattering  rate,  possibly  because  void  fillers 
already  scatter  phonons  in  a  wide  frequency  domain.  Very 
recent  experimental  data  obtained  at  JPL  on  CefRu4_xCoxSb12 
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samples  suggests  another  possibility.  Figures  14,  15  and  16 
respectively  present  Hall  mobility,  Seebeck  coefficient  and 
thermal  conductivity  variations  with  temperatures  for  selected 
Fe-based,  Ru-based  and  Co-based  filled  skutterudites.  The 
actual  filling  fraction  as  determined  from  electron  microprobe 
analysis  is  also  reported. 

100  r - : - : - : - : - : - : - : - : - : - 1 


90 


Temperature  (K) 

Figure  14:  Hall  carrier  mobility  as  a  function  of  temperature 
for  various  Fe-,  Ru-,  and  Co-based  filled  skutterudites. 


Temperature  (K) 

Figure  15:  Seebeck  coefficient  as  a  function  of  temperature 
for  various  Fe-,  Ru-,  and  Co-based  filled  skutterudites. 

The  data  show  that  there  are  very  significant  differences 
between  filled  skutterudite  compositions  containing  some 
amount  of  Fe  and  those  which  only  have  Ru  and  Co.  Much 
higher  p-type  carrier  mobility  (up  to  75  cm^s-l  at  room 
temperature)  are  obtained  for  an  18%  filled  CefRuCo3Sb12 
sample.  Comparable  compositions  with  Fe  have  been 
reported  to  have  very  poor  mobilities  [50].  In  addition  n-type 
CefRuCo3Sbi2  and  CefCo4Sbi2  samples  were  successfully 
prepared.  These  n-type  samples  show  mixed  conduction 
effects  very  similar  to  those  observed  in  n-type  CoSb3  and 
IrSb3.  The  filling  of  just  7%  of  the  empty  octants  of  a 
semiconducting  CoSb3  sample  resulted  in  a  large  drop  in  the 


room  temperature  lattice  thermal  conductivity,  from  95  to 
about  35  lO^Wcm^K'1.  Substitution  of  Co  by  Ru  and  a 
subsequent  increase  in  Ce  filling  succeeded  in  further 
reduction  in  the  lattice  thermal  conductivity,  likely  due  to  a 
combination  of  point  defect  and  increased  void  filling  phonon 
scattering. 


Figure  15:  Thermal  conductivity  as  a  function  of  temperature 
for  various  Fe-,  Ru-,  and  Co-based  filled  skutterudites. 
Results  are  compared  to  p-type  CoSb3  data. 

However,  Fe-based  filled  skutterudites,  despite  much 
higher  carrier  concentrations,  consistently  possess  larger  p- 
type  Seebeck  coefficient  and  lower  lattice  thermal 
conductivity.  It  is  interesting  to  note  that  qualitatively  similar 
remarks  can  be  made  for  the  FeSb2Te  and  Fe0  5Ni0  5Sb3  ternary 
compounds  compared  to  their  Ru-based  analogs,  RuSb2Te 
and  Ru05Pd05Sb3.  First  principle  electronic  band  structure 
calculations  of  Ru-based  filled  skutterudites  would  be  of  great 
interest  [51].  Even  though  these  new  results  are  not  fully 
understood,  the  preparation  of  p-type  and  n-type 
semiconducting  filled  skutterudites  with  filling  fractions  of  up 
to  60%  offers  new  possibilities  for  optimizing  their 
thermoelectric  properties  near  room  temperature. 

Conclusion 

The  properties  of  binary  skutterudite  compounds  are  very 
attractive  for  thermoelectric  applications.  However,  their 
lattice  thermal  conductivity  values  are  too  high,  in  particular 
at  low  temperatures.  Several  approaches  to  significantly 
reduce  the  thermal  conductivity  of  skutterudites  have  been 
identified:  heavy  doping,  solid  solution  formation,  valence 
fluctuations,  and  void  filling.  Ultimately,  a  combination  of 
these  approaches  should  be  employed  to  reach  a  lattice 
thermal  conductivity  close  to  the  theoretical  minimum.  Recent 
results  have  shown  that  high  ZT  values  substantially  larger 
than  1 .0  can  be  obtained  for  some  skutterudite  solid  solutions 
and  filled  compositions  at  temperature  near  600°C.  New 
experimental  data  on  Ru-based  semiconducting  filled 
skutterudite  compositions  offer  a  promising  approach  for 
achieving  high  ZT  in  skutterudites  at  lower  temperatures. 
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ABSTRACT  .  „  ,  . 

Enhanced  ZT  has  been  predicted  theoretically  for  low 
dimensional  electronic  systems  under  appropriate  exper¬ 
imental  conditions.  Enhanced  ZT  has  been  observed 
experimentally  within  2D  quantum  wells  of  PbTe,  and 
good  agreement  between  theory  and  experiment  has  been 
obtained.  The  advantages  of  low  dimensional  systems  for 
thermoelectric  applications  are  described,  and  prospects 
for  further  enhancement  of  ZT  are  discussed. 

INTRODUCTION 

The  usefulness  of  thermoelectric  materials  for  refrig¬ 
eration  or  power  generation  applications  is  typically  ex¬ 
pressed  by  the  dimensionless  quantity  ZT  where  T  is  the 
temperature  (in  degrees  Kelvin)  and  Z  is  the  thermoelec- 
trie  figure  of  merit 


Here  S  is  the  thermoelectric  power  or  Seebeck  coefficient, 
a  is  the  electrical  conductivity  and  k  is  the  thermal  con- 
ductivity.  Clearly  high  ZT  requires  high  S,  high  cr,  and 
low  k.  Since  an  increase  in  S  normally  implies  a  decrease 
in  a  because  of  carrier  density  considerations,  and  since 
an  increase  in  cr  implies  an  increase  in  the  electronic  con¬ 
tribution  to  k  as  given  by  the  Wiedemann-Franz  law, 
it  is  very  difficult  to  increase  Z  in  typical  thermoelec¬ 
tric  materials.  The  best  commercial  3D  thermoelectric 
material  is  in  the  Bi2(i-i)Sb2*Te3(i_j,)Se3y  family  with 
room  temperature  ZT  ~  1  for  Bio.5Sb1.5Te3.1  It  is  gen¬ 
erally  considered  that  only  incremental  improvements  in 
the  ZT  of  this  system  are  possible.  For  this  reason, 
efforts  are  being  expended  in  the  identification  of  new 
families  of  materials  with  a  high  density  of  states  at  the 
Fermi  level2-4  and  with  cage-like  structures  partially  oc¬ 
cupied  by  constituent  rattling  atoms  to  reduce  the  lat¬ 
tice  thermal  conductivity.5,6  This  approach  appears  to  be 
promising,  and  values  of  ZT  ~  1.4  have  been  achieved  in 
CeFe4Sbi2  at  T  =  900  K.7 

Reduced  dimensionality  [as  occurs  in  quantum  wells 
(2D)  or  quantum  wires  (ID)]  offers  another  strategy  for 
enhancing  ZT,8,9  because  of  (1)  enhancement  of  the  den¬ 
sity  of  states  near  Ef  leading  to  an  enhancement  of 
the  Seebeck  coefficient,  (2)  increased  carrier  mobilities 
at  a  given  carrier  concentration  due  to  quantum  con¬ 
finement,  modulation  doping  and  (5-doping  phenomena, 


(3)  opportunities  to  take  advantage  of  the  anisotropic 
Fermi  surfaces  in  multi-valley  semiconductors,  (4)  in¬ 
creased  boundary  scattering  of  phonons  at  the  barrier- 
well  interfaces,  while  effectively  preserving  carrier  mobil¬ 
ities  by  exploiting  the  different  length  scales  for  phonon 
and  electron  scattering,  and  (5)  the  different  tempera¬ 
ture  dependences  of  the  transport  properties  and  intrin¬ 
sic  carrier  excitations  in  low  dimensional  systems  relative 
to  3D  systems.  The  dependence  of  the  S,  cr,  k,  on  quan¬ 
tum  well  thickness  is,  of  course,  the  principal  method  for 
enhancing  ZT,  both  through  quantum  confinement  ef¬ 
fects  and  reduced  thermal  conductivity  due  to  interface 
scattering.8,10-13 

Calculations  based  on  the  simplest  possible  model  for 
a  quantum  confined  two-dimensional  (2D)  electron  gas, 
and  described  in  the  next  section,  indicate  that  it  should 
be  possible  to  obtain  significant  enhancement  in  ZT  for 
a  good  thermoelectric  material  when  prepared  as  a  2D 
quantum  well.  Specific  calculated  results  for  ZT  vs  quan¬ 
tum  well  width  dw  are  shown  in  Fig.  1  for  a  Bi2Te3  quan¬ 
tum  well.  Even  greater  enhancement  in  ZT  is  predicted 
for  Bi2Te3  when  prepared  as  a  ID  quantum  wire. 


FIG.  1.  Dependence  of  ZT  on  the  width  of  the  quantum 
well  for  a  Bi2Te3-like  material  at  the  optimum  doping  level  for 
transport  in  the  highest  mobility  direction.  The  inset  shows 
the  dependence  of  ZT  on  carrier  concentration  n,  and  demon¬ 
strates  that  the  optimum  carrier  density  depends  on  the  given 
quantum  well  width. 
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The  results  of  Fig.  1  suggest  that  a  good  thermoelec¬ 
tric  material  in  3D  might  be  expected  to  exhibit  even 
higher  ZT  values  in  reduced  dimensions.  It  is  shown  in 
Fig.  1  that  for  any  quantum  well  width  dw,  it  is  impor¬ 
tant  to  optimize  the  electro-chemical  potential  £  in  order 
to  maximize  ZT.  The  calculations  for  Bi2Te3  indicate 
that  this  optimization  of  £  leads  to  an  optimization  of 
the  carrier  doping  level,  and  the  inset  to  Fig.  1  shows 
that  the  optimum  carrier  density  for  n-type  (111)  PbTe 
quantum  wells  increases  with  decreasing  dw- 

Furthermore,  as  discussed  below,  some  materials  which 
are  not  favorable  for  high  ZT  in  3D  may  exhibit  high  ZT 
in  2D.15  However,  the  confinement  lengths  required  for 
enhanced  ZT  are  quite  small  for  a  Bi2Te3-like  material 
(see  Fig.  1)  especially  in  comparison  to  the  lattice  con¬ 
stant  which  is  « 10  A  in  the  c-direction.  Thus,  it  may 
not  be  possible  to  realize  such  an  enhancement  in  ZT 
for  Bi2Te3  quantum  wells  experimentally  for  both  ma¬ 
terials  science  issues  (pertaining  to  interface  integrity) 
and  physics-related  issues  (pertaining  to  quantum  con¬ 
finement  and  the  applicability  of  band  theory  models) 
in  the  limit  of  very  small  dw-  Since  the  solutions  of 
the  Schrodinger  equation  for  a  particle  in  a  box  En  = 
h2ir2n/(2m*dw)  scale  with  quantum  well  width  dw ,  sim¬ 
ilar  enhancements  of  ZT  would  be  expected  to  occur  at 
larger  quantum  well  widths  for  materials  with  light  effec¬ 
tive  mass  components  in  the  direction  of  quantum  con¬ 
finement.  We  show  below  that  this  concept  is  correct. 

In  this  paper  we  discuss  very  simple  theoretical  mod¬ 
els  that  show  enhancement  of  ZT  in  2D  quantum  wells, 
experimental  proof-of-principle  of  the  enhanced  ZT  in 
n-type  PbTe  quantum  wells,  advantages  of  quantum 
well  structures  for  achieving  enhanced  ZT  more  gener¬ 
ally,  approaches  for  modeling  the  thermal  conductivity 
in  calculations  for  ZT ,  strategies  for  using  temperature 
dependent  phenomena  to  increase  ZT  in  quantum  wells, 
and  finally  the  advantages  of  bismuth  as  a  low  dimen¬ 
sional  thermoelectric  material. 


THEORETICAL  MODELING 

In  the  simplest  model  for  thermoelectricity  in  2D  quan¬ 
tum  well  structures,  it  is  assumed  that  the  electrons  in 
the  valence  and  conduction  bands  are  in  simple  parabolic 
energy  bands  and  that  the  electrons  occupy  only  the  low¬ 
est  (n  =  1)  sub-band  of  the  quantum  well.  The  electronic 
dispersion  relations  are  then  given  by 
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where  dw  is  the  width  of  the  quantum  well,  and  mx,  my, 
and  mz  are  the  effective  mass  tensor  components  of  the 
constant  energy  surfaces.  It  is  further  assumed  that  the 
current  flows  in  the  x  direction  and  that  quantum  con¬ 
finement  is  in  the  2  direction.  Solution  of  Boltzmann’s 
equation  for  S,  a,  and  Ke  (the  electronic  contribution 
to  the  thermal  conductivity)  then  yields8  the  following 
expression  for  the  dimensionless  figure  of  merit  in  2D 
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where  the  Fermi-Dirac  related  function  h)  is  given  by 
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and  £*  =  £/fcjgT  is  the  reduced  chemical  potential  rela¬ 
tive  to  the  edge  of  the  first  sub-band.  The  expression  for 
B>2d  in  Eq.  (3)  is  sensitive  to  the  materials  properties  of 
the  quantum  well,  and  B2 d  is  given  by 
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where  [ix  is  the  carrier  mobility  for  current  flow  in  the 
x  direction  and  «ph  is  the  phonon  contribution  to  the 
thermal  conductivity.  Equation  5  shows  that  B2d  (and 
therefore  Z2&T)  is  increased  by  increasing  the  effective 
mass  components  mx  and  my ,  by  increasing  the  carrier 
mobility  in  the  direction  of  current  flow,  and  by  decreas¬ 
ing  the  quantum  well  width  dw  as  much  as  possible,  as 
discussed  below. 

The  results  for  Z2 d  in  a  quantum  well  are  to  be  con¬ 
trasted  to  the  corresponding  3D  results:8,14 
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where  B^d  in  Eq.  (6)  is  given  by 
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so  that  for  bulk  thermoelectrics,  it  is  desirable  to  have  all 
the  mass  components  and  the  carrier  mobility  as  large  as 


To  obtain  explicit  results  for  Z2vT,  a  model  for  the 
phonon  contribution  to  the  thermal  conductivity  /cph  is 
needed.  Three  approaches  are  discussed  in  this  paper: 
(1)  Kph  is  conservatively  approximated  using  3D  experi¬ 
mental  data;  (2)  kp h  is  taken  from  3D  experimental  data 
for  the  phonon  mean  free  path  £  <  dw,  while  £  =  dw  is 
used  in  the  expression  kp h  =  Cvv£/ 3  for  £  >  dw,  where 
Cv  and  v  are  respectively  the  heat  capacity  and  the  ve¬ 
locity  of  sound;  (3)  /cph  is  obtained  from  a  more  detailed 
treatment  of  the  scattering  of  phonons  by  the  interface 
between  the  quantum  wells  and  the  barriers. 

The  expressions  for  Zzr>  and  Z2 d  both  depend  on  the 
electrochemical  potential  £,  and  therefore  on  the  carrier 
concentration,  which  can  be  controlled  experimentally  to 
achieve  the  maximum  ZT  for  each  thermoelectric  ma¬ 
terial  at  the  desired  temperature  of  operation,  and  at 
the  desired  quantum  well  thickness  (see  inset  to  Fig.  1). 
The  quantities  B^d  and  B2 d  are  particularly  sensitive 
to  the  electronic  structure  and  to  the  sample  quality  of 
each  thermoelectric  material.  In  the  next  section,  we 
review  the  observation  of  enhanced  Z2 d  in  n-type  PbTe 
quantum  wells. 
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EXPERIMENTAL  PROOF-OF-PRINCIPLE 

PbTe  was  chosen  as  the  quantum  well  for  demon¬ 
strating  proof-of-principle  of  enhanced  ZT  in  a  2D  sys¬ 
tem  because  of  its  desirable  thermoelectric  and  materials 
science  properties.  Regarding  its  thermoelectric  prop¬ 
erties,  PbTe  has  a  reasonably  high  room  temperature 
ZT  in  bulk  form  {ZT  ~  0.4),  reflecting  the  high  car¬ 
rier  mobility,  multiple  anisotropic  carrier  pockets,  and 
low  thermal  conductivity  that  can  be  achieved  under 
isoelectronic  alloying.  In  addition,  calculations  indi¬ 
cated  that  carrier  confinement  and  enhanced  ZT  could 
be  achieved  for  quantum  well  widths  <  100  A.16  It  was 
also  known  that  high  mobility  quantum  well  superlat¬ 
tices  could  be  prepared  with  PbTe  as  the  quantum  well 
material  and  Pbi-zEu^Te  as  the  barrier  material,17,18 
with  well  controlled  and  stable  interfaces,  using  epitax¬ 
ial  growth  techniques,  such  as  molecular  beam  epitaxy. 
Good  lattice  matching  and  similar  thermal  expansion 
coefficients19  across  the  interfaces  permitted  the  prepara¬ 
tion  of  PbTe/PbEuTe  superlattices  with  ~100  superlat¬ 
tice  periods.20  Experiments  by  Harman20  indicated  that 
Bi  could  be  introduced  into  the  Pbo.927Euo.o73Te  bar¬ 
rier  region,  yielding  quantum  wells  with  carrier  concen¬ 
trations  >  1019  electrons/cm3  within  the  quantum  well. 
These  experiments  further  indicated  that  the  Hall  mobil¬ 
ity  in  the  quantum  wells  would  be  comparable  to  and  in 
some  cases  better  than  that  in  the  best  3D  films  prepared 
with  a  comparable  doping  level  in  the  same  apparatus.20 
Measurements  by  Hicks  et  alu  corroborated  that  quan¬ 
tum  confinement  could  be  achieved  for  x  =  0.073,  where 
the  band  offsets  for  the  conduction  and  valence  bands 
were  calculated  to  be  171  meV  and  140  meV,  respectively, 
for  a  band  gap  of  630  meV  in  the  barrier  regions  and  319 
meV  in  the  quantum  wells  at  300  K.17  The  band  gap  in 
the  barrier  region  is  found  from  infrared  measurements 
to  be  630  meV,  while  the  band  offset  of  171  meV  was 
found  from  analysis  of  optical  data17  and  the  bandgap  in 
the  quantum  well  region  is  from  the  literature. 

Experimental  results  for  the  quantity  S2n  on  a  num¬ 
ber  of  n-type  PbTe  quantum  wells  for  a  variety  of  quan¬ 
tum  well  widths  from  17  A  to  55  A  are  given  as  points 
in  Fig.  2(a)  as  a  function  of  quantum  well  width  (or 
equivalently  the  thickness  cfrv),  and  in  Fig.  2(b)  as  a 
function  of  doping  level  (as  determined  from  Hall  effect 
measurements).  Using  the  value  for  the  Hall  mobility 
^Hall  =  1400  cm2/Vs  for  n-type  carriers  in  PbTe,  a  value 
of  the  power  factor  S2a  was  obtained  as  a  function  of 
quantum  well  width  dw  at  the  optimum  doping  level. 
The  solid  curves  in  Figs.  2(a)  and  (b)  were  obtained  with 
no  adjustable  parameters  using  the  envelope  function 
approximation  to  calculate  the  bound  states  and  using 
literature  values  for  the  electronic  band  parameters  and 
other  physical  properties  of  PbTe.17  Enhancement  of  the 
power  factor  in  the  2D  PbTe  quantum  wells  by  a  factor  of 
3-4  over  3D  bulk  values  was  thus  demonstrated  in  n-type 
PbTe.  The  experimental  data  in  Fig.  2  clearly  shows  that 
a  greater  enhancement  in  S2n  is  achieved  with  decreasing 
quantum  well  widths,  at  least  for  quantum  wells  down  to 
~20  A.  The  bound  states  in  the  quantum  wells  that  were 
used  to  calculate  the  curves  in  Fig.  2  were  all  obtained 
by  applying  the  general  theoretical  model  described  in 


this  paper  to  the  specific  material  PbTe,  using  literature 
values  for  the  parameters  for  the  2D  electronic  band 
structure  for  PbTe  quantum  wells.16  Proof-of-principle 
for  enhanced  ZT  in  2D  quantum  wells  is  provided  by 
the  good  fit  of  the  experimental  points  to  the  calculated 
curves  in  Fig.  2.  Further  corroboration  is  provided  by 
the  good  agreement  between  the  infrared  transmission 
measurements  and  the  calculated  bound  state  energies  as 
shown  in  Fig.  3. 16  From  the  solid  curves  in  Fig.  2(b),  the 
optimum  carrier  concentration  as  a  function  of  quantum 
well  thickness  can  be  inferred.  The  results  show  that  the 
optimum  doping  concentrations  increase  with  decreas¬ 
ing  quantum  well  widths  dw  for  n-type  PbTe,  consistent 
with  the  results  in  Fig.  1  for  Bi2Te3.  The  best  room  tem¬ 
perature  values  that  were  obtained  for  the  n-type  PbTe 
quantum  wells  are  a  power  factor  of  130  /iW/cmK2  and 
a  thermoelectric  figure  of  merit  of  Z^T  =  1.2. 


FIG.  2.  (a)  S2n  results  for  n-type  (Bi-doped) 

PbTe/Pb0.927Eu0.073Te  MQWs  (full  circles)  as  a  function  of 
quantum  well  thickness  dw  at  300  K.  For  comparison,  the  best 
experimental  bulk  PbTe  value  for  S2n  is  also  shown.  Calcu¬ 
lated  results  for  optimum  doping  are  shown  as  a  solid  line,  (b) 
S2n  results  for  the  same  PbTe/Pbo.927Euo.o73Te  MQW  sam¬ 
ple  (full  circles)  as  a  function  of  carrier  density  n  at  300  K. 
Calculated  results  for  different  indicated  well  thicknesses  are 
shown  as  solid  curves.16 
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FIG.  3.  Optical  transmission  vs  photon  energy  at  300  K 
for  (a)  a  PbTe/Pbi-xEu^Te  (x  =  0.073)  MQW  sample  with 
a  53- A  well  and  a  560-A  barrier  and  (b)  a  MQW  sample  with 
a  20- A  well  and  a  430- A  barrier.  Insets  show  the  results  of 
EFA  calculations  of  the  quantum  well  energy  levels  and  the 
interband  transition  energies.16  The  superscripts  o  and  l  refer 
to  the  oblique  and  longitudinal  subbands  associated  with  the 
two  carrier  types  shown  in  the  inset  to  Fig.  4. 

ADVANTAGES  OF  QUANTUM  WELLS  FOR 
ACHIEVING  HIGH  ZT 

Having  demonstrated  enhancement  of  ZT  in  quan¬ 
tum  wells  of  a  specific  material,  we  would  now  like  to 
review  the  advantages  of  2D  quantum  wells  over  bulk 
materials  from  a  more  general  vantage  point,  in  the 
hope  of  identifying  other  materials  systems  that  might 
be  even  more  favorable  than  PbTe  for  low  dimensional 
thermoelectric  applications.  Calculations  carried  out 
on  other  materials  suggest  that  Si/Sii_xGex,  Bii_xSbx, 
Bi2(i-i)Sb2xTe3(i_y)Se3j/,  and  p-type  PbTe  are  all  favor¬ 
able  quantum  well  materials  for  enhanced  2D  thermoelec¬ 
tric  performance.  Our  theoretical  model  suggests  that  if 
a  material  is  a  good  thermoelectric  in  3D,  it  should  be 
even  better  in  2D,  and  still  better  in  ID,  although  greater 
enhancement  through  reduced  dimensionality  is  possible 
for  some  materials  systems  than  for  others. 

Quantum  confinement  associated  with  a  quantum  well 
system  is  expected  to  give  rise  to  an  increase  in  the  mag¬ 


nitude  of  the  Seebeck  coefficient  \S\  for  the  same  carrier 
density,  with  the  increased  \S\  arising  from  an  increase 
in  the  density  of  electron  states  at  the  Fermi  level  for  the 
2D  electron  gas.  Experimental  evidence  for  the  enhance¬ 
ment  of  \S\  for  n-type  PbTe  quantum  wells  is  found  in 
Fig.  4,  which  shows  a  significant  enhancement  in  \S\  for 
quantum  wells  of  about  20  A  well  widths,  while  the  larger 
40  A  n-type  PbTe  quantum  wells  show  about  the  same 
\S\  as  bulk  samples  of  the  same  carrier  concentrations 
(see  also  Fig.  2).  It  should  be  noted  that  the  entire  con¬ 
tribution  to  the  Seebeck  coefficient  for  the  whole  sample 
comes  from  the  quantum  wells,  since  the  barrier  regions 
make  no  contribution  to  |S|. 

Also  shown  in  Fig.  4  is  the  projection  of  the  electron 
carrier  pockets  for  (111)  n-type  PbTe.  The  high  Seebeck 
coefficient  for  the  PbTe  quantum  wells  is  attributed  to 
the  relatively  high  density  of  states  for  carriers  in  the 
oblique  carrier  pockets  shown  in  the  inset  to  the  figure. 


FIG.  4.  Dependence  of  the  absolute  value  of  the  room 
temperature  Seebeck  coefficient  S  on  carrier  concentration  in 
n-type  PbTe  for  bulk  samples  (open  triangles)  and  quantum 
wells  with  various  widths  dw  as  indicated.  For  n-type  semi¬ 
conductors,  S  is  negative  so  that  S  decreases  in  magnitude 
for  increasing  carrier  concentration  n.  The  inset  shows  the 
projection  of  the  electron  carrier  pockets  on  a  plane  normal 
to  the  (111)  growth  direction. 

The  theoretical  analysis  given  above  shows  that  in¬ 
creased  carrier  mobility  leads  to  higher  ZT  values  in  all 
cases  (3D,  2D  and  ID).  Experimentally,  enhancement 
in  the  carrier  mobility  relative  to  bulk  values  can  be 
achieved  using  the  attributes  of  low  dimensional  systems, 
including  quantum  confinement,  modulation  doping  and 
(5-doping  techniques.  In  this  way  the  dopants  can  be 
introduced  into  the  barrier  regions,  far  from  the  quan¬ 
tum  wells  where  the  carriers  are  located,  thereby  greatly 
reducing  the  carrier  scattering  by  the  impurity  dopant 
ions  that  are  responsible  for  the  carrier  generation.  This 
advantage  of  2D  quantum  well  systems  should  be  of  par¬ 
ticular  importance  at  low  temperature  where  electron- 
phonon  scattering  is  less  important  and  impurity  scat¬ 
tering  tends  to  be  the  dominant  scattering  mechanism. 
Figure  5  shows  that  the  additional  carrier  scattering  at 
the  interfaces  between  the  quantum  wells  and  barriers  is 
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more  than  compensated  by  the  beneficial  effects  of  carrier 
confinement  and  modulation  doping,20  so  that  the  car¬ 
rier  mobility  in  the  quantum  well  tends  to  increase  as  the 
quantum  well  width  decreases  to  19  A,  for  which  the  high¬ 
est  mobilities  were  observed  experimentally.20  A  number 
of  experimental  and  theoretical  studies  have  been  carried 
out  to  show  that  the  quantum  well/barrier  interfaces  can 
significantly  increase  the  phonon-phonon  scattering.21  It 
is  generally  believed  that  the  interface  is  more  effective  in 
scattering  phonons  than  in  electron  scattering  because  of 
the  different  length  scales  that  are  involved  in  these  scat¬ 
tering  processes.  However,  systematic  studies  to  simul¬ 
taneously  measure  the  thermal  conductivity  and  carrier 
mobility  are  needed  to  study  this  phenomenon  in  detail. 


[see  Eq.  (5)].  Semiconductors  with  favorable  low  di¬ 
mensional  thermoelectric  properties  should  have  (1)  a 
large  number  of  equivalent  carrier  pockets,  (2)  highly 
anisotropic  constant  energy  surfaces,  and  (3)  high  car¬ 
rier  mobilities.  In  selecting  the  superlattice  growth  direc¬ 
tion,  attention  should  be  given  to  maximizing  the  effect 
of  the  anisotropic  Fermi  surface  toward  enhancing  ZT. 
For  example,  theoretical  predictions23  indicate  that  n- 
type  PbTe  superlattices  grown  along  the  (001)  direction 
should  have  an  even  higher  Seebeck  coefficient  and  ZT 
than  for  the  case  of  (111)  n-type  PbTe  quantum  wells. 

Isoelectronic  alloying,  which  is  commonly  used  in  3D 
thermoelectric  systems  to  reduce  the  phonon  contribu¬ 
tion  to  the  thermal  conductivity,  can  also  be  used  effec¬ 
tively  in  quantum  well  superlattices,  both  in  the  quantum 
well  regions  and  in  the  barrier  regions.  In  addition,  it 
may  be  possible  to  use  6-doping  with  appropriate  species 
both  as  a  source  for  carriers  and  as  a  method  to  effectively 
increase  the  band  gap  of  the  barrier  region.  For  example 
6-doping  with  carbon  or  with  SiC  (Eg  =  2.9  eV)  within 
the  Sii-zGez  barrier  region  of  a  Si/Sii-^Gea;  superlattice 
could  be  used  to  effectively  increase  the  band  gap  within 
the  barrier  region,  so  that  smaller  barrier  widths  would 
be  needed  for  quantum  confinement.24  The  6-doping  ap¬ 
proach  thus  could  lead  to  reduced  k  for  the  superlattice 
thermoelectric  material  due  to  both  a  reduction  in  the 
barrier  widths  and  increased  phonon  scattering  at  the 
SiC  interfaces  within  the  barrier  region. 

In  addition  to  the  advantages  of  2D  quantum  well 
thermoelectrics  mentioned  in  this  section,  there  are  a 
variety  of  temperature-dependent  effects  where  quantum 
wells  offer  additional  advantages,  as  discussed  below. 


FIG.  5.  Hall  carrier  mobility  ^Han  as  a  function  of 
the  quantum  well  width  dw  for  PbTe/Pbi_xEuxTe  MQWs 
(closed  circles).  The  data  are  taken  from  Ref.  [  20].  The 
shaded  region  indicates  the  range  of  carrier  mobilities  for  sim¬ 
ilarly  grown  bulk  PbTe  for  comparison.  The  solid  line  is  a 
guide  to  the  eye. 

A  third  advantage  of  the  2D  aspects  of  quantum  wells 
is  the  exploitation  of  the  anisotropy  of  the  constant  en¬ 
ergy  surfaces  of  typical  multi-valleyed  semiconductors. 
For  3D  systems,  the  k- space  anisotropic  effects  of  the 
various  ellipsoidal  carrier  pockets  tend  to  cancel  when 
summing  over  the  contributions  from  all  the  ellipsoids  to 
the  transport  properties  of  a  multi-valleyed  cubic  semi¬ 
conductor,  such  as  PbTe  or  Si.  However,  the  symmetry¬ 
lowering  introduced  by  the  quantum  well  superlattice  pe¬ 
riodicity  allows  the  possibility  of  better  exploiting  the 
anisotropy  of  the  individual  ellipsoidal  carrier  pockets.22 
This  anisotropy  is  illustrated  in  the  inset  to  Fig.  4.  The 
contributions  to  the  power  factor  from  the  four  carrier 
pockets  for  n-type  PbTe  are  equivalent  in  3D  but  not 
in  2D  where  the  2D  Fermi  surface  is  projected  in  the 
(111)  direction  to  give  one  longitudinal  (circular)  pocket 
and  three  oblique  (elliptical)  constant  energy  surfaces, 
as  shown  in  the  inset  to  Fig.  4.  The  thermoelectric 
properties  of  (111)  PbTe  multiple  quantum  wells  are 
dominated  by  the  three  elliptical  carrier  pockets  which 
have  higher  density  of  states  masses  (ra*  =  0.308mo) 
than  the  longitudinal  carrier  pocket,  m*  =  0.0334mo 
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FIG.  6.  Room  temperature  thermal  conductivity  as  a  func¬ 
tion  of  the  layer  thickness  for  GaAs/AlAs  MQWs  superlat¬ 
tices,  assuming  equal  layer  thicknesses  for  the  quantum  well 
(GaAs)  and  the  barrier  (AlAs).21 


Thus  far,  many  of  the  models  for  the  thermoelectric 
figure  of  merit  of  multi-quantum  well  superlattices  have 
focussed  on  either  the  power  factor  S2cr  with  simplistic 
treatments  given  for  the  lattice  contribution  «ph  to  the 
thermal  conductivity.10,15,16  The  electronic  contribution 
k€  to  the  thermal  conductivity  is  conventionally  modeled 
in  terms  of  the  Wiedemann-Franz  law 
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Ke  -  LqcfT 


(8) 

where  the  electrical  conductivity  a  for  MQWs  is  generally 
available  from  experimental  data,  and  the  Lorenz  num¬ 
ber  Lq  (2d)  for  2D  systems  is  found  from  the  Boltzmann 
equation  to  be 


Ke  =  Lq  (2D)  = 


fkBV(  mn 
V  e  M  FoiC) 


4 

W)2/’ 


(9) 


in  which  the  Fermi-Dirac  integral  function  is  given 

by  Eq.  (4)  and  Lq  (2d)  is  dependent  on  the  reduced  elec¬ 
trochemical  potential  £*.  For  many  thermoelectric  mate¬ 
rials  Lq  (2d)  may  be  significantly  lower  than  the  value  of 
2.45  x  10-8  Wfi/K2  conventionally  used  for  metals  and 
degenerate  semiconductors,  and  for  some  semiconducting 
thermoelectric  materials  L0  (2d)  could  be  reduced  from 
this  value  by  as  much  as  50%  or  even  more,  due  to  non- 
parabolicity  of  the  energy  bands  and  to  the  details  of  the 
carrier  scattering  mechanism. 


FIG.  7.  Thermal  conductivity  as  a  function  of  temperature 
for  a  GaAs/AlAs  MQWs  structure.21 


Regarding  the  lattice  contribution  to  the  thermal  con¬ 
ductivity,  two  simplistic  models  have  been  employed  for 
the  case  of  n-type  PbTe  MQWs.  In  the  first  approach, 
Kph  is  approximated  by  the  3D  bulk  value,  Kph  =  kb, 
which  overestimates  /cph  because  of  the  neglect  of  the 
interface  scattering  between  the  quantum  wells  and  the 
barriers.  In  the  second  approach,  Kph  is  assumed  to  be 
equal  to  kb  when  the  phonon  mean  free  path  t  is  smaller 
than  the  quantum  well  width  dw,  but  «ph  is  approx¬ 
imated  by  «ph  =  Cvvdw/ 3  when  t  >  dw  and  where 
Cv  and  v  are,  respectively,  the  heat  capacity  at  con¬ 
stant  volume  and  the  velocity  of  sound.  The  second  ap¬ 
proach  was  used  for  example  to  construct  Fig.  1.  A  third 
more  quantitative  approach  would  incorporate  the  ac¬ 
tual  phonon  distribution  present  in  PbTe  and  would  con¬ 
sider  the  detailed  scattering  mechanisms  for  each  of  the 
phonon  branches.  Such  a  detailed  treatment  for  /Cph  is 
not  yet  available  for  PbTe  or  any  other  quantum  well  sys¬ 
tem  for  which  thermoelectric  data  are  available,  though 
progress  has  been  made  in  this  direction.11,25  The  avail¬ 
ability  of  such  a  more  detailed  model  for  /Cph  would  allow 
the  procedures,  used  to  optimize  the  thermoelectric  per¬ 
formance  of  2D  quantum  well  superlattices,  to  focus  on 


the  optimization  of  ( ZT)sl ,  the  figure  of  merit  of  the 
whole  superlattice  directly  rather  than  the  optimization 
of  the  power  factor  S'1  a. 


FIG.  8.  Plot  of  the  ratio  of  ZT  for  the  GaAs/AlAs  T-point 
multi-quantum  well  superlattice  normalized  to  that  of  bulk 
GaAs,  using  values  of  Vo  =  leV  and  \i  =  3000  cm2/Vsec  for 
the  band  offset  and  electron  mobility  in  the  MQW  system, 
respectively,  and  equal  values  of  the  quantum  well  (dw)  and 
barrier  (<2b)  widths. 

On  the  other  hand,  detailed  thermal  conductivity  mod¬ 
eling  has  been  carried  out  in  the  case  of  GaAs/AlAs 
MQWs  where  the  quantum  well  thickness  (GaAs)  was 
assumed  to  be  equal  to  that  for  the  barrier  material 
(AlAs).21  Calculations  of  the  thermal  conductivity  as  a 
function  of  dw  are  shown  in  Fig.  6,  where  it  is  seen  that 
interface  scattering  is  important,  especially  for  interfaces 
with  a  significant  amount  of  diffuse  phonon  scattering 
which  is  characterized  by  the  parameter  p .  The  experi¬ 
mental  data  for  the  thermal  conductivity  of  GaAs/AlAs 
MQWs  are  fit21  with  p  =  0.85,  where  p  =  1  refers  to 
specular  scattering,  while  p  —  0  denotes  totally  diffuse 
scattering.  For  p  =  0.85,  the  calculations  show  that,  for 
dw  <  30 A,  kp h  drops  below  the  thermal  conductivity  of 
9  W/mK  for  an  (GaAs)i_x(AlAs)x  alloy  with  x  =  0.5. 
Figure  7  shows  that  the  effect  of  phonon  interface  scatter¬ 
ing  is  more  important  as  the  temperature  is  lowered  be¬ 
low  room  temperature  and  interface  scattering  becomes 
less  important  with  increasing  temperature  above  room 
temperature.  It  is  of  interest  to  note  that  fits  to  the  ex¬ 
perimental  quantum  well  thickness  dependence  data  of 
Fig.  6  and  to  the  temperature  dependence  data  of  Fig.  7 
yield  the  same  value  of  p. 

With  the  availability  of  the  data  for  «ph  as  a  function 
of  dw  in  Fig.  6  for  GaAs/AlAs  MQW  structures,  the 
simplest  possible  model  was  constructed  for  the  power 
factor  S2a  for  GaAs/AlAs  T-point  quantum  wells,  using 
the  formulae  given  in  Eqs.  (2)  -  (5)  and  the  assumption 
dw  =  ds,  consistent  with  the  assumption  used  for  the 
thermal  conductivity  plot  of  Fig.  6.  Values  of  Vo  =  leV 
and  fi  =  3000  cm2/Vsec  were  taken  for  the  band  offset 
and  the  room  temperature  carrier  mobility,  respectively, 
for  the  MQW  GaAs/AlAs  system  and  the  results  for  the 
whole  superlattice  (ZT)sl  =  S2ctT/k  normalized  to  the 
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bulk  value  (ZT) bulk  are  shown  in  Fig.  8  as  a  function 
of  dw •  The  calculated  results  for  (ZT)sL/(ZT)buik  in 
Fig.  8  are  qualitatively  similar  to  the  model  calculations 
shown  in  Fig.  1  and  to  published  curves  for  other  quan¬ 
tum  well  systems,  such  as  Bi15  and  Si.22’24  The  curve  for 
the  MQW  superlattice  in  Fig.  8,  however,  characteristi¬ 
cally  shows  a  smoother  and  more  gradual  increase  in  the 
magnitude  of  ZT  below  ~50A  than  was  obtained  by  the 
crude  models  previously  used  for  kp\x  in  MQW  systems. 
Extending  these  more  realistic  models  for  /%> h  to  PbTe 
and  to  other  materials  where  thermoelectric  data  are 
now  becoming  available  will  be  a  high  priority  project 
for  the  near  future. 


FIG.  9.  Theoretical  estimation  of  Z2dT  as  a  function  of  T 
(using  temperature-dependent  band  parameters)  for  the  best 
n-type  PbTe  quantum  well  sample  in  Ref.[  20].  The  calcula¬ 
tion  is  based  on  a  two-band  model  which  includes  tempera¬ 
ture  dependent  bound  state  levels  for  longitudinal  and  oblique 
subbands  and  temperature-dependent  band  parameters  (see 
inset  to  Fig.  3). 16  For  comparison,  we  show  a  calculation  for 
the  temperature  dependence  of  ZT  for  a  bulk  sample.  The 
inset  shows  a  plot  of  the  ratio  Z2v>jZzT>  as  a  function  of  tem¬ 
perature. 

TEMPERATURE  DEPENDENCE 

Since  all  of  the  transport  properties  (e.g.,  5,  cr,  k)  have 
different  temperature  dependences  in  2D  and  3D,  differ¬ 
ences  in  the  temperature  dependence  of  ZT  are  expected 
for  low  dimensional  systems.  For  typical  thermoelectric 
materials,  ZT  tends  to  increase  with  increasing  temper¬ 
ature  in  the  extrinsic  carrier  density  range.  The  lower 


value  of  v  in  the  temperature  dependence  of  the  carrier 
mobility  ~  T~u  the  greater  the  increase  in  ZT  with 
T.  Because  of  differences  in  the  scattering  mechanisms 
in  quantum  wells,  v  tends  to  be  lower  in  quantum  wells 
than  in  bulk  materials.  These  effects  need  to  be  studied 
systematically  in  low  dimensional  systems  at  high  doping 
levels  characteristic  of  thermoelectric  materials. 

Once  temperatures  are  reached  where  thermal  carrier 
generation  becomes  significant,  the  approximate  cancel¬ 
lation  between  the  thermally  excited  electron  and  hole 
carrier  contributions  to  the  Seebeck  coefficient  S  leads  to 
a  reduction  in  ZT  as  a  function  of  temperature.  Thus 
(ZT)max  occurs  at  higher  temperatures  for  wider  gap 
(Eg)  semiconductors,  since  intrinsic  carrier  excitation  be¬ 
gins  to  occur  at  higher  T  as  Eg  increases.  Bulk  materials 
exhibiting  an  increase  in  Eg  with  increasing  T  (such  as 
PbTe)  will  tend  to  push  ( ZT)max  to  higher  temperatures, 
thereby  increasing  the  maximum  value  of  ZT  that  can  be 
reached.  On  the  other  hand,  materials  (such  as  Si  and 
GaAs),  where  Eg  decreases  with  increasing  T,  the  op¬ 
posite  effect  is  expected.  Thermal  diffusion  across  the 
quantum  well-barrier  interfaces  will  become  important 
with  increasing  T,  and  this  effect  will  limit  the  tempera¬ 
ture  range  where  quantum  wells  can  be  used  for  practical 
thermoelectric  applications. 

Quantum  well  thermoelectrics  are  also  of  particular  in¬ 
terest  for  low  temperature  applications,  where  there  are 
presently  no  thermoelectrics  with  high  ZT  values,  though 
there  could  be  a  real  need  for  such  materials  for  the  cool¬ 
ing  of  high  Tc  superconducting  devices.  The  reduction 
in  carrier-impurity  scattering  associated  with  modulation 
doping  and  5-doping  could  be  of  particular  importance 
at  low  temperature  for  2D  thermoelectrics,  for  which  the 
carrier  concentrations  necessary  to  achieve  the  optimum 
doping  condition  tend  to  be  very  high.  Since  the  interface 
scattering  cross-section  for  phonons  would  be  expected 
to  be  less  sensitive  to  temperature  than  phonon-phonon 
scattering,  this  scattering  mechanism  for  the  lattice  ther¬ 
mal  conductivity  could  be  especially  important  at  low 
temperature  where  the  phonon  density  is  not  so  high. 

Figure  9  shows  a  model  calculation  for  the  tempera¬ 
ture  dependence  of  Z2dT  for  n-type  PbTe  quantum  wells 
using  temperature-dependent  band  parameters  found  in 
the  literature.26  The  parameters  used  in  the  calculation 
of  Z3r>T  were  for  the  best  available  crystalline  samples, 
which  correspond  to  lower  carrier  concentrations,  lower 
doping  levels,  and  therefore  higher  mobilities  than  those 
used  for  the  quantum  well  thermoelectric  samples.  The 
band  parameters  used  for  calculating  Z2dT  also  corre¬ 
spond  to  the  best  n-type  sample  that  has  been  studied 
at  room  temperature.16,20  A  temperature  dependence  of 
T“2  5  was  used  for  the  carrier  mobility  for  the  3D  case 
while  a  somewhat  weaker  T"2  1  was  used  for  the  2D 
case.  The  electronic  thermal  conductivity  Ke  was  esti¬ 
mated  from  a  using  the  Wiedemann-Franz  law  for  both 
the  2D  and  3D  samples.  A  temperature  dependence  of 
ACph  ~  T_1  was  assumed,  and  the  same  ftph (T)  data  were 
used  for  the  3D  and  2D  cases. 

Figure  9  also  shows  that  the  calculated  ZodT  for  n- 
type  (111)  PbTe  exceeds  Z3DT  over  the  entire  tem¬ 
perature  range  from  100  to  500  K  and  that  the  ratio 
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Z-jdT/ZsdT  shown  in  the  inset  also  tends  to  increase 
with  increasing  T  until  about  400  K,  where  saturation 
occurs  and  this  is  followed  by  a  small  decrease  in  the 
ratio  Z»d/^3D  at  yet  higher  temperatures. 

The  calculated  results  indicate  that  ZixfT  ~  2  above 
400  K,  with  further  increases  in  Z^T  expected  at  higher 
temperatures.  We  feel  that  the  approximations  used 
to  make  the  theoretical  estimation  for  Z^T  in  Fig.  9 
are  conservative.  Non-parabolic  effects,  which  are  not 
taken  into  account  in  our  present  model,  are  expected 
to  give  further  enhancement  of  Z^T  for  elevated  tem¬ 
peratures  and  therefore  should  yield  a  further  increase 
in  ZodT.  Also  the  effect  of  electron-electron  scattering 
should  be  more  important  in  the  MQW  samples  because 
of  the  higher  carrier  concentrations  that  are  generally 
employed  for  MQW  thermoelectrics  relative  to  bulk  ther¬ 
moelectrics.  Such  carrier-carrier  effects  were  not  taken 
into  account  in  these  calculations,  but  axe  expected  to 
have  a  large  effect  on  reducing  Lq  (2d)  •  Such  effects  will 
be  studied  further  in  future  work. 


BISMUTH  AS  A  LOW  DIMENSIONAL  THER¬ 
MOELECTRIC 


a(£) 


FIG.  10.  Dependence  of  Z'2dT  on  quantum  well  width  a 
for  a  Bi  well  in  the  highest  mobility  (binary)  direction.15 

Bismuth  is  a  very  attractive  material  for  low  dimen¬ 
sional  thermoelectricity  because  of  the  large  anisotropy 
of  the  three  ellipsoidal  constant  energy  surfaces  for  elec¬ 
trons  at  the  L  point  in  the  rhombohedral  Brillouin  zone 
(m9x  =  0.00651mo,  m*  =  1.362m0,  m!  =  0.00993mo), 
and  the  high  mobility  of  the  carriers  (p  =  3.5  x  104 
cm2 /Vs  for  light  mass  electrons  in  the  binary  direction 
with  a  carrier  density  2  x  1018/cm3  at  300  K).27“29  As  the 
quantum  well  width  decreases,  the  lowest  bound  state  in 
the  conduction  band  rises  above  the  highest  bound  state 
in  the  valence  band,  inducing  a  semimetal-semiconductor 
transition.  If  the  2D  bismuth  system  is  then  doped  to 
the  optimum  doping  level,  a  large  enhancement  in  Z*2dT 
is  predicted  (see  Fig.  10)  with  decreasing  quantum  well 
width.15.  Of  particular  interest  is  the  observation  that 
the  ZodT  enhancement  is  large  for  quite  large  quantum 
well  widths.  For  example,  Fig.  10  predicts  a  Z2d^  ^  4 
at  room  temperature  for  a  50  A  Bi  quantum  well.  Such 


quantum  well  widths  should  be  achievable  experimen¬ 
tally,  if  one  could  only  identify  a  suitable  barrier  mate¬ 
rial. 

Bismuth  can  be  alloyed  isoelectronically  with  antimony 
to  yield  a  high  mobility  and  highly  desirable  thermoelec¬ 
tric  properties.  From  what  is  known  about  the  bismuth- 
antimony  phase  diagram  (Fig.  11),  it  should  be  possible 
to  prepare  both  n-type  and  p-type  Bii^Sb*  quantum 
wells  for  x  in  the  range  0.09  <  x  <  0.17.  In  this  nar¬ 
row  composition  range,  the  lowest  conduction  band  and 
the  highest  valence  band  are  both  at  the  L  point  in  the 
Brillouin  zone,  and  both  bands  have  very  similar  highly 
anisotropic  constant  energy  surfaces  giving  rise  to  high 
mobility  carriers  as  well  as  high  density  of  states  effective 
masses. 

Bismuth  and  Bii-aSh*  are  highly  desirable  low  dimen¬ 
sional  thermoelectric  materials  because  of  their  large 
Fermi  surface  anisotropy,  high  mobility  carriers,  very 
long  electron  mean  free  paths,  heavy  mass  ions  to  ef¬ 
fectively  scatter  phonons  to  yield  low  phonon  mean  free 
paths,  and  opportunities  to  achieve  Z>2dT  enhancement 
for  both  n-type  and  p-type  doping.  Bi  and  Bii_xSbx, 
however,  have  a  serious  deficiency  for  2D  quantum 
well  applications  because  of  the  unavailability  until  the 
present  time  of  a  suitable  barrier  material.  Several  re¬ 
search  groups  are  now  working  to  identify  a  suitable 
barrier  material. 


e,  meV  e 


FIG.  11.  Bi  -  Sb  phase  diagram  and  the  implied  electronic 
structure.  The  region  of  the  semiconducting  alloys  is  cross 
hatched.30,31 

CONCLUSIONS 

At  present,  Z^dT  ~  1.2  has  been  achieved  experimen¬ 
tally  in  n-type  PbTe  quantum  wells  at  room  temperature. 
On  the  basis  of  model  calculations,  values  of  ZiD^  >  2 
are  expected  at  higher  temperatures.  It  is  likely  that 
high  Z2DT  values  will  soon  be  demonstrated  in  other 
quantum  well  systems.  Quantum  well  systems  offer  ad¬ 
vantages  both  for  low  temperature  and  high  temperature 
thermoelectric  performance.  However,  the  utilization  of 
quantum  wells  in  a  real  thermoelectric  material  will  re¬ 
quire  much  effort  to  reduce  the  barrier  widths  and  the 
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thermal  conductivity,  and  to  develop  suitable  barrier 
materials  for  the  most  promising  2D  thermoelectrics. 
Because  of  the  many  trade-off  constraints  that  govern 
thermoelectric  performance,  model  calculations  are  es¬ 
pecially  valuable  for  optimizing  the  superlattice  and  ma¬ 
terials  parameters  to  maximize  ZyoT.  The  inclusion  of 
more  realistic  models  for  the  lattice  thermal  conductiv¬ 
ity  is  expected  to  increase  the  reliability  of  these  models 
significantly  in  the  near  future. 
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Abstract 

We  review  the  thermoelectric  properties  of  metallic 
compounds  which  contain  rare-earth  atoms.  They  are  the 
group  of  metals  with  the  largest  value  ever  reported  of 
the  Seebeck  coefficient.  An  increase  by  50%  of  the  See- 
beck  would  make  these  compounds  useful  for  thermoelec¬ 
tric  devices.  The  largest  Seebeck  coefficient  is  found  for 
compounds  of  cerium  (e.g.,  CePd3)  and  ytterbium  (e.g., 
YbAl3).  Theoretical  predictions  are  in  agreement  with 
the  maximum  observed  Seebeck.  We  discuss  the  theoret¬ 
ical  model  which  has  been  used  to  calculate  the  Seebeck 
coefficient.  We  are  solving  this  model  for  other  configu¬ 
rations  (4/)n  of  rare-earth  ground  states. 

Introduction 

There  is  a  need  to  find  new  materials  suitable  for  ther¬ 
moelectric  applications[  1-5].  Present  materials  are  good 
at  room  temperature  and  above.  New  materials  at  high 
temperature  are  always  useful  for  power  generation  de¬ 
vices.  There  is  also  a  need  for  new  materials  at  low  tem¬ 
peratures  for  refrigeration.  They  would  be  used  in  cooling 
for  superconducting  magnets  and  electronics.  Generally, 
a  good  thermoelectric  material  must  have  high  values  of 
the  electrical  conductivity  and  Seebeck  coefficient,  while 
having  a  small  value  of  the  thermal  conductivity. 

Most  metals  are  unsuitable  for  thermoelectric  appli¬ 
cations  because  they  have  a  small  Seebeck  coefficient 
6],  Metallic  compounds  containing  rare-earth  compounds 
are  an  exception  to  this  rule-of-thumb  [  7],  The  highest 
values  of  the  Seebeck  coefficient  are  obtained  in  rare- 
earth  compounds  of  cerium  or  ytterbium[  5,  8]  such  as 
YbAl3  or  CePd3  where  \S\  ~  100//V/K.  Some  of  the  ma¬ 
terials  with  high  value  of  the  Seebeck  and  power  factor 
are  shown  in  table  1.  We  also  include  bismuth  telluride 
for  comparison. 


Compound 

T(K) 

S 

ref. 

P 

ref. 

P  / 

Bi2Te3 

300 

240 

1700 

35 

CeSn3 

150 

50 

[9-11] 

25 

[  9.  12] 

100 

CePd3 

140 

125 

[  13,  14] 

170 

[  13,  14] 

92 

YbPd 

250 

-104 

[15] 

145 

[15] 

75 

YbAl3 

300 

-90 

[16] 

45 

[16] 

180 

TABLE  I.  Seebeck  coefficient  S  in  units  of  fxV / K,  resistiv¬ 
ity  p  in  units  of  /zHcm,  and  Power  factor  (P/  =  S2/p)  in  units 
of  /7W/(K2  cm). 


These  are  the  highest  values  of  the  Seebeck  coefficient 
ever  reported  for  metals.  Also  note  the  large  power  fac¬ 
tors  compared  to  bismuth  telluride.  Unfortunately  the 
large  value  of  the  thermal  conductivity  prevents  these 
materials  from  having  large  values  of  the  figure  of  merit 
Z.  CePd3  has  a  value  of  ZT  «  0.4.  Many  other  com¬ 
pounds  containing  Ce  or  Yb  have  been  found  to  have 
values  of  the  Seebeck  coefficient  which  are  lower [  5,  8] 
than  those  in  table  1. 

The  large  value  of  the  thermal  conductivity  in  these 
materials  is  due  to  thermal  conduction  by  electrons.  This 
contribution  is  given  accurately  by  the  Wiedemann-Franz 
law[  17,  18]  which  relates  the  electronic  part  of  the  ther¬ 
mal  conductivity  Ke  to  the  electrical  conductivity  a 


The  W-F  law  can  be  used  to  prove  an  inportant  inequal¬ 
ity  for  the  figure  of  merit.  Since  everything  in  the  denom¬ 
inator  of  the  formula  for  ZT  is  positive 


oTS 2  gTS 2 

ZT  =  17 - <  -77— 

Ke  +  Ke  Ke 

™  f  S\2 


,SoJ 

7T  (kB 


156/W/K 


(2) 

(3) 

(4) 


where  we  used  the  W-F  law  in  arriving  at  eqn.  (3).  Both 
theory  [  19]  and  experiment  [  20]  suggest  that  the  W-F 
law  is  valid  in  rare-earth  compounds.  However,  experi¬ 
mental  data[  21,  22]  shows  that  the  phonon  part  of  the 
thermal  conductivity  is  relatively  large  at  low  tempera¬ 
ture.  Thus  (2)  is  really  an  inequality,  and  the  Seebeck 
needs  to  be  larger  than  So  at  low  temperatures  in  order 
that  ZT  >  1. 

The  large  value  of  the  Seebeck  coefficient  in  Ce  and  Yb 
compounds  is  caused  by  the  Kondo  resonance[  23].  This 
resonance  is  a  sharp  feature  in  the  density  of  states  of  the 
conduction  electrons  at  energies  very  near  to  the  chem¬ 
ical  potential.  This  feature  appears  to  be  a  delta  func¬ 
tion  when  plotted  on  a  large  energy  scale.  However,  when 
plotted  on  a  fine  energy  scale,  one  finds  that  the  Kondo 
resonance  has  an  energy  width  A E  =  where  kg  is 

Boltzmanns  constant  and  Tk  is  the  Kondo  temperature. 
The  actual  method  of  calculating  the  Kondo  resonance, 
and  temperature,  are  described  in  the  next  section.  When 
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calculating  the  Seebeck  coefficient,  the  Kondo  resosnance 
causes  a  broad  peak  in  the  Seebeck  coefficient  S(T)  as  a 
function  of  temperature  T.  This  broad  peak  has  its  maxi¬ 
mum  at,  or  at  least  very  close  to,  the  Kondo  temperature. 

The  Kondo  resonance  is  due  to  spin  fluctuations.  Most 
rare-earth  ions  in  metals  have  a  magnetic  moment  due 
to  the  partially  occupied  /-shell.  A  conduction  electron, 
when  scattering  from  the  rare-earth  ion,  can  flip  its  spin 
while  also  flipping  the  moment  of  the  /-electrons.  This 
process  causes  the  resistivity  p(T)  to  rise  at  low  temper¬ 
ature,  which  is  called  the  Kondo  effect  Later  theoretical 
work  showed  that  this  spin-flip  scattering  caused  the  en¬ 
ergy  resonance  near  to  the  chemical  potential,  which  we 
now  call  the  Kondo  resonance.  The  Kondo  resonance,  and 
the  high  value  of  the  Seebeck  coefficient,  are  caused  by 
the  conduction  electrons  interacting  with  the  spin  fluctu¬ 
ations,  Most  theoretical  calculations  of  this  phenomena 
start  from  a  theoretical  model  proposed  by  Anderson  [ 

39]. 

Numerous  theoretical  calculations  have  solved  the  An¬ 
derson  model  to  obtain  the  Seebeck  coefficient  for  Ce  or 
Yb.  They  generally  predict  the  value  of  100  /iV/K,  in 
agreement  with  the  observed  maximum[  24-  38].  These 
values  are  obtained  by  four  different  methods:  Gunnars- 
son  and  Schonhammer[  24,  25],  the  non-crossing  approxi¬ 
mation  26,  28-30]  slave-boson  techniques[  27],  and  renor¬ 
malization  group  techniques!  33-36].  The  non-crossing 
approximation  is  described  below. 

An  interesting  question  is  whether  other  rare-earth 
compounds,  besides  Ce  or  Yb,  can  have  a  Seebeck  co¬ 
efficient  which  is  higher  than  100  ffV/K.  In  talking  with 
experimentalists  in  this  field,  most  admit  that  they  have 
not  tried  very  hard  to  find  mixed  valent  materials  com¬ 
posed  of  other  rare-earths,  once  the  Ce  and  Yb  com¬ 
pounds  became  fashionable.  However,  compounds  have 
been  made  with  other  rare-earths,  and  none  show  a  See¬ 
beck  as  large  as  100^V/K.  This  raises  the  interesting 
question  of  whether  any  of  them  are  capable  of  hav¬ 
ing  a  larger  Seebeck  coefficient  than  this  apparent  max¬ 
imum.  Theoretical  calculations  of  energy  levels  indicate 
that  mixed  valent  materials  are  possible  with  other  rare 
earths.  So  we  have  started  a  series  of  calculations  to  cal¬ 
culate  the  Seebeck  coefficient  for  the  general  configura¬ 
tion  (4/)n  where  the  occupancy  integer  spans  the  range 
1  <  n  <  14. 

We  have  used  the  non-crossing  approximation  to  ex¬ 
tend  these  calculations  to  all  values  n  of  the  /-orbital 
occupancy.  We  solve  the  single  site  Anderson  model[  23] 
for  the  case  of  a  level  with  degeneracy  Nf.  We  find  the 
Kondo  resonance  for  the  case  that  the  ground  state  has 
L  electrons  in  the  /-orbital,  where  0  <  L  <  Nf.  The  See¬ 
beck  coefficient  is  calculated  as  a  function  of  temperature 
for  every  value  of  L.  We  find  that  the  Seebeck  coefficient 
is  largest  for  L  =  1  and  declines  in  value  as  L  increases. 
This  suggests  that  large  Seebeck  coefficients  are  not  pos¬ 
sible  in  mixed  valent  systems  besides  those  of  cerium  or 
ytterbium.  Generally  we  find  that  the  Kondo  resonance 
becomes  smaller  when  L  is  increased. 


A  realistic  calculation  of  the  Seebeck  for  the  configu¬ 
ration  (4/)n  requires  that  one  include  the  various  split¬ 
tings  of  the  /-levels  due  to  spin-orbit  and  other  interac¬ 
tions. This  has  only  been  done  for  Ce  [  25,  26,  38]  which 
has  L  =  1.  We  are  in  the  process  of  doing  this  calcula¬ 
tion  for  L  =  2  which  corresponds  to  Pr.  It  is  difficult  to 
guess  the  results  which  will  be  found  when  we  split  the 
levels.  The  Seebeck  coefficient  is  sensitive  to  a  number  of 
features  of  the  Kondo  resonance,  such  as  the  width  and 
aymmetry.  Any  change  in  parameters  changes  both  these 
features,  which  compete  against  each  other  for  determin¬ 
ing  the  size  of  the  Seebeck  coefficient. 

Single-Site  Anderson  Model 
The  most  popular  theoretical  model  for  describing  the 
rare  earth  compounds  was  introduced  by  P.W.  Anderson[ 
39,  23] 


H 

=  H0  +  V 

(5) 

Ho 

~  tkClyCkv  +  £/  +  U 

E 

n^nu  (6) 

kv  A* 

fl>V 

Tin 

=  ftu 

(7) 

V 

*  kv 

(8) 

where 

V  is  the  hybridization  interaction 

between  the 

band  electrons  (fc)  and  the  localized  electrons  /M.  It  de¬ 
scribes  processes  whereby  the  conduction  electrons  hop 
on  and  off  the  localized  /-shell  of  the  rare-earth.  The  on¬ 
site  Coulomb  repulsion  is  U  and  £j  is  the  eigenvalue  for 
a  single  /-electron.  The  eigenvalue  and  degeneracy  factor 
Zn  for  the  /-electrons  are,  in  the  absence  of  hybridization 


+  (9) 

z« = ( "0  <10> 


3+ 

nf 

S 

L 

J 

2J+1 

A_ 

A+ 

Ce 

1 

1/2 

3 

5/2 

6 

1.8 

3.2 

Pr 

2 

1 

5 

4 

9 

3.8 

1.9 

Nd 

3 

3/2 

6 

9/2 

10 

5.2 

1.5 

Pm 

4 

2 

6 

4 

9 

5.5 

1.6 

Sm 

5 

5/2 

5 

5/2 

6 

5.4 

0.3 

Eu 

6 

3 

3 

0 

1 

7.9 

Eu 

7 

7/2 

0 

7/2 

8 

1.9 

8.6 

Gd 

7 

7/2 

0 

7/2 

8 

8.5 

3.7 

Tb 

8 

3 

3 

6 

13 

3.2 

2.2 

Dy 

9 

5/2 

5 

15/2 

16 

4.9 

1.5 

Ho 

10 

2 

6 

8 

17 

5.8 

1.4 

Er 

11 

3/2 

6 

15/2 

16 

5.9 

1.8 

Tm 

12 

1 

5 

6 

13 

5.5 

1.1 

Yb 

13 

1/2 

3 

7/2 

8 

7.4 

0.9 

TABLE  II.  Ground  state  degeneracy  (2J+1)  for  mostly  3+ 
rare  earths  ions  according  to  Hund’s  Rules.  Values  for  A+  and 
A_  from  Herbst  and  Wilkins[40]. 
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The  ground  state  degeneracy  of  a  rare-earth  ion  are 
given  according  to  Hund’s  rules.  These  are  shown  in  table 
2.  The  Anderson  model  ignores  the  splittings  of  the  /- 
orbital  due  to  spin-orbit  and  other  factors.  It  gives  the 
wrong  degeneracy  Zn  instead  of  (2 J  4-  1).  In  a  future 
paper  we  will  include  these  realistic  splittings  of  the  /- 
levels.  The  present  calculation  is  intended  to  be  a  solution 
of  the  Anderson  model  as  given  in  eqns  (5)-(8). 

The  eigenvalue  expression  (9)  is  parabolic  in  the  level 
occupancy  n.  Since  ej  <  0  then  the  minimum  energy  is 
found  near  to  n  ~  1/2  -ej/U.  Define  L  as  the  value  of  n 
which  has  the  lowest  value  of  En.  We  can  increase  L  by 
decreasing  the  value  of  ej  towards  larger  negative  values, 
while  keeping  U  fixed. 

Mixed  valence  occurs  when  the  number  of  /-electrons 
can  flucturate  between  n  and  nil.  This  fluctuation  is 
the  origin  of  the  spin  fluctuations.  The  hybridization  in¬ 
teraction  causes  mixing  whenever  |  El  ~  El±  i|  is  a  small 
energy.  The  standard  nomenclature [  40]  is  to  define  the 
two  excitation  energies  out  of  the  ground  state  as 

A_  =  EL- 1  —  El  =  ~[ef  +  (L  -  1)17]  (11) 

A+  =  i  ~  El  =  Sf  +  LU  (12) 

U  =  A+  +  A_  (13) 

Values  of  A±  have  been  calculated  for  the  rare-earth  met¬ 
als  in  ref.  [  40]  and  are  shown  in  table  2.  Generally  they 
find  one  value  which  is  small  (A  ~  l.OeV)  while  the  other 
is  larger  so  that  [7^6  —  8  eV.  We  assume  that  similar 
values  apply  to  the  rare-earths  when  they  are  in  metallic 
compounds. 

We  are  doing  a  series  of  numerical  calculations  where 
we  keep  fixed  the  important  values  of  A±  =  El± i  -  El, 
while  varying  Sf  =  —0.5  —  U(L  —  1)  to  change  L.  We 
choose  A_  =  0.5eV. 

First  we  discuss  the  properties  of  the  Hamiltonian  Ho 
without  the  hybridization  V .  This  interaction  is  included 
in  the  following  section.  The  Green’s  function  for  the  /- 
states  in  the  absense  of  the  hybridization  term  is 

Qf(ium)  =  -  T  f  dre^T  <  TT/M(r)/t  >  (14) 

vy° 

This  can  be  written  exactly  for  the  nonintracting  states. 
We  employ  the  notation  Nf  =  14  to  denote  the  number 
of  states  for  a  single  /-electron.  The  degeneracy  of  the 
having  n-electrons  in  the  /-state  is  Zn  as  defined  above. 


Nf 


Nf  —  n 


n=0 


+ 


n 


iufjri  d”  En— 1  En 
Af  M  =  -29f[G/(w)] 

2r 


} 


(15) 

(16) 


Af{u)  =  J2  Zn e~0En{(Nf  ~  n)6(u  +  En-  En+1) 


n= 0 


+  n6(oj  4*  En-i  —  -Sn)}  (1^) 

Nf 

Z  =  Y^  Zne-0E”  (18) 

0 

The  spectral  function  Af(u>)  is  obtained  by  the  analytic 
continuation  ium  — >  u  +  irj  and  then  taking  twice  the 
imaginary  part. 

Let  El  be  the  lowest  eigenvalue  (n  =  L )  and  assume 
that  L  is  neither  0  nor  Nf.  The  most  important  terms  in 
the  summation  is  when  n  =  L  —  1,  L,  L  4  1  which  gives 
the  approximation 


Z  =  ZLZe~0EL 

(19) 

7  1  |  L  ....  e-/JA_  ,  Nf~L  -0A+ 

Z~l+  Nf  +  l-Le  +  L  + 1 

(20) 

Af(u)  =  ^{L6(u>  +  A_)(l  +  e~0A- ) 

(21) 

+  {Nf  -  L)S{uf  -  A+)(l  +  e~0A+) 

+e.^(N,-Lm-L-1)Hu+ELti 

-  El+ 2)] 

The  spectra  has  four  peaks.  Two  are  below  the  chemical 
potential  and  two  above.  We  follow  custom  and  ignore 
the  last  two  terms  in  Af  (u)  and  include  only  the  peaks 
at  u)  =  -A_ ,  A+.  For  the  case  that  L  =  1  then  the  third 
term  is  missing  since  there  is  no  state  L  —  2.  For  the  case 
that  L  =  Nf  —  1  the  L  +  2  term  is  missing. 


Self- Energy  of  Electrons 

The  hybridization  interaction  V  in  eqn(8)  describes  the 
processes  whereby  a  conduction  electron  can  hop  on  or 
off  the  /-shell  of  the  local  atom.  This  process  leads  to 
several  important  new  effects.  The  first  is  a  new  energy 
parameter  defined  as 

r(£;)  =  ^E^2,5(£-£fc)  w 

k 


This  function  is  assumed  to  be  a  constant,  independent  of 
energy.  Its  value  for  the  rare-earths  is  about  0.1  eV.  The 
second  effect  is  that  the  resonance  lines  at  u)  =  -  A_ ,  A+ 
become  broadened  by  an  amount  proportional  to  T.  The 
third  new  effect  is  that  a  new  resonance  peak  appears  in 
Aj( uj)  near  to  zero  energy.  This  is  the  Kondo  resonance, 
and  it  is  the  important  feature  for  the  calculation  of  the 
Seebeck  coefficient. 

In  the  prior  section  we  showed  that  there  were  energy 
levels  associated  with  having  n-electrons  in  the  /-state. 
Introduce  a  Green’s  function  for  this  state 


GU(U)  = 


1 

oj  —  En  —  £n(^) 


(23) 


The  hybridization  interaction  causes  the  self-energy 
En(u;).  We  calculate  this  function  using  the  method  of 
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(32) 


ref.[  26].  First  consider  the  result  for  the  self-energy  in 
the  second-order  of  perturbation  theory 


E„(w)  =  nS'^\(w)  +  (Nf  -  n)S<2i( «) 


Yth 

u>  -  (En+ 1  -£fe)  +ir] 

Yli  1  ~  nfc) 

W  -  (^n-l  +  £fe)  +  iv 


(24) 

(25) 

(26) 


There  are  two  terms.  The  first  term  (f^Ck)  in  V  adds  an 
electron  to  the  /-level,  which  changes  nton+1,  while 
destroying  a  band  electron  in  the  state  k.  This  process 
is  proportional  to  the  occupation  number  nk  of  the  band 
electrons.  The  second  term  (C\f)  in  V  takes  an  electron 
out  of  the  /  level,  which  changes  n  to  n  - 1,  while  adding 
an  electron  to  the  band.  This  process  is  proportional  to 
the  probability  (1—  nk)  that  the  band  state  is  unoccupied. 

Arguments  of  S<{>)  are  Green’s  functions  Cn  with¬ 
out  the  self-energies.  The  ’’Non-Crossing  Approximation 
”(NCA)[  26,  38]  is  to  evaluate  these  Green’s  functions 
while  including  these  self-energies.  Put  the  self-energies 
in  the  denominators 

£„(o/)  =  nS'n_i(w)  4-  (Nf  -  n)Sn+i(w)  (27) 
Sn+ i(w)  =  i  £  V?nkGn+ i(w  +  ek)  (28) 

k 

s'n.  iM  =  ^  "  n«)G*-^  -  £*)  (29) 

JV  k 

The  above  equations  are  a  self-consistent  definition  for 
the  self-energies.  They  are  solved  by  iteration  on  the  com¬ 
puter.  We  find  that  self-consistency  is  obtained  only  after 
many  iterations. 

We  assume  a  Lorentzian  density  of  states 

»(«)  -  WVm  (30) 

and  place  the  chemical  potential  at  e  =  0.  The  param¬ 
eter  D  is  an  effective  band  width  and  the  hybridization 
width  is  T  =  7r<7(0)V(0)2  =  2nV (0)2 / D .  In  S'j^)  we 
can  change  variables  e  —>  -£  which  now  makes  S'n  =  5„ . 
Thus  we  actually  only  evaluate  the  integrals  of  the  form 

=  ^  J  l  +  ^D^nF(e)Gn(oj  +  £)  (31) 


/-electron  Green’s  Function 

The  final  step  is  to  calculate  the  spectral  function  of 
the  /-electron  in  the  NCA.  We  must  also  include  in  the 
thermal  averages  the  feature  that  the  interactions  give  a 
spread  in  energy.  Our  result  is 

Af(w)  =  ^Y,ZnJ  ge-^An(£){nAn_1(E  -  u) 


+  (Nf  -  n)An+i(.E  +  w)} 

Z=,£znJ^e->3EAn(E)  (33) 

A  detailed  derivation  of  these  equations  is  given  in  refs. 
[  26,  41].  These  equations  are  similar  in  spirit  to  those  of 
ref.[  26].  They  took  the  limit  that  U  oo  which  elimi¬ 
nated  all  states  with  n  >  1.  They  only  had  the  two  states 
of  n  =  0, 1  in  their  system  and  L  —  1.  Here  we  include 
all  of  the  states  with  different  values  of  n.  We  fix  the 
value  !7=6  eV.  We  choose  £f  =  -0.5  -  U(L  - 1)  (in  units 
of  electron  Volts)  to  have  a  variety  of  values  so  that  we 
have  different  occupancies  L  in  the  /-state,  while  keep¬ 
ing  fixed  the  values  of  A_  =  —0.5  eV,  A+  =  5.5  eV. 
We  make  an  approximation  in  our  numerical  solution  of 
retaining  only  the  states  with  n  =  L-  l,L,L  +  l  in  our 
self-consistent  solution.  We  also  choose  Nf  —  6  in  order 
to  compare  with  previous  calculations. 

Results  and  Discussion 

Fig.  1  shows  a  graph  of  the  spectral  function  Af(E)  as 
a  function  of  E  (in  eV)  for  the  case  that:  L  =  1,  Nf  = 
6,e  =  -0.5eV,  V  =  6.0eV  at  a  temperature  T=50  K.The 
narrow  peak  near  to  zero  energy  is  the  Kondo  resonance. 
The  two  broad  peaks,  one  above  and  one  below  zero, 
are  at  the  energies  of  A±.  The  Kondo  resonance  is  quite 
visible. 


oo  i — -sCj - ^ - » — — - * - - — — s =*: — - 1 

-2.0  -1.0  0.0  1.0  2.0  3.0  4.0  5.0  6.0  7.0 


E 

FIG.  1.  The  spectra  function  A/(E)  of  the  /-electron  as  a 
function  of  energy  E  in  eV.  The  Kondo  resonance  appears  at 
zero  energy. 

The  Kondo  resonance  is  a  real  feature  of  the  density 
of  states  of  rare-earth  compounds.  It  can  be  observed 
directly  in  photoemission  and  related  spectroscopies,  al¬ 
though  the  results  are  often  controversial  42-  47]. 

We  calculated  the  Kondo  resonance  in  more  detail  as  a 
function  of  temperature  and  L.  We  fixed  Nf  —  6,  Ut  A_, 
and  A+,  as  described  above,  and  varied  the  value  of  L 
by  using  Sf  =  —0.5  —  U(L  —  1).  The  size  of  the  Kondo 
resonance  decreases  in  value  as  L  increases.  The  largest 
Kondo  resonance  is  the  case  L  =  1  and  the  smallest  is 
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the  case  with  L  —  5.  The  factors  which  are  changing 
in  these  calculations  are  (n,  Nf  -  n)  or  (L,Nf  —  L)  in 
eqns  (27,32).  These  factors  relate  to  the  degeneracy  of 
the  various  levels  as  given  by  the  factor  of  Zn.  If  we  do  a 
more  realistic  calculation  for  /-electrons,  with  the  factors 
which  split  the  levels  into  sublevels,  then  we  will  reduce 
these  factors[  38]. 


T(K) 


FIG.  2.  Seebeck  coefficient  as  a  function  of  temperature 
between  25K  and  300  K.  The  maximum  value  of  the  Seebeck 
coefficient  occurs  near  to  the  Kondo  temperature  Tk .  The 
maximum  value  of  the  Seebeck  coefficient,  and  Tk,  both  de¬ 
cline  with  increasing  values  of  L.  Other  parameters  the  same 
as  in  fig.2. 

Figure  2  shows  the  Seebeck  coefficient  for  Nf  =  6  as 
a  function  of  temperature  for  different  values  of  L.  The 
Seebeck  coefficient  is  calculated  in  the  usual  fashion [  5, 
26].  Start  from  the  usual  formulas 


The  above  formulas  are  derived  in  [  5].  The  Seebeck  co¬ 
efficient  for  these  cases  is  shown  in  fig.  (2)  as  a  function 
of  temperature.  The  largest  Seebeck  value  is  for  L  =  1, 
and  the  values  decrease  in  size  when  L  increases.  This 
agrees  with  the  observation  that  the  Kondo  resonance  is 
getting  smaller.  The  Kondo  resonance  causes  the  large 
values  of  the  Seebeck  [  5,  26].  The  Seebeck  coefficient 
peaks  at  a  temperature  near  to  the  Kondo  temperature. 
The  peak  in  our  calculated  Seebeck  coefficients  declines 
with  increasing  values  of  L.  For  L  >  3  it  is  below  50  K 
and  the  peak  is  off  the  figure  to  the  left.  However,  one 
can  see  that  even  at  the  peak  value  the  Seebeck  will  be 
small  for  these  cases.  Besides  this  peak,  due  to  the  Kondo 
resonance,  the  Seebeck  coeficients  tends  to  rise  linearly 
with  temperaure,  as  is  typical  of  metals. 


T(K) 


FIG.  3.  Calculated  Seebeck  cofficient  as  a  function  of  tem¬ 
perature  for  L  —  1,  U —6.0  eV,  A-  =  0.5  eV,  A+  =  5.5  eV 
for  different  values  of  Nf. 


<7  =  e2/°°  dE(-^^j  2(E)  (34) 

TaS  =  e  J°°  dE  £(£)(£  -  /*)  (35) 

2(E)  =  Ct(E)  (36) 

-1 -  =  l+cAf(E)  (37) 

T(h)  To 

The  factor  £  (E)  contains  the  density  of  states  of  the  band 
electrons  as  well  as  their  average  velocity  and  mean  free 
path.  We  assume  that  the  lifetime  t(E)  has  the  only  sig¬ 
nificant  energy  dependence  in  £(£),  which  arises  because 
the  band  electrons  hybridize  with  the  local  electrons  on 
the  /-shells  of  the  rare-earth  atoms.  The  constant  lifetime 
To  is  from  impurity  scattering  and  perhaps  phonons.  The 
factors  of  c  and  C  are  constants.  Note  that  it  is  the  in¬ 
verse  of  E(£?)  which  is  proportional  to  Af  (E) .  The  Kondo 
resonance  makes  a  dip  in  the  energy  dependence  of  £(£). 


The  Seebeck  coefficient  has  a  large  value  when  the 
Kondo  resonance  is  large  and  asymmetric.  The  largest 
asymmetry  is  when  L,  Nf  —  L  differ  by  as  much  as  pos¬ 
sible.  This  happens  when  L  =  1,  or  when  L  =  5  in  the 
case  of  Nf  =  6.  However,  because  of  our  choice  that  A_ 
is  smaller  than  A+,  the  large  Kondo  resonance  happens 
for  L  =  1.  If  we  reverse  the  magnitudes  of  A_  and  A+ 
then  the  largest  result  is  for  L  =  5.  The  mapping  of 
A_  — *  A+,  A+  — >  A _,L  — >  Nf  —  L  leaves  the  results 
unchanged.  The  case  for  Yb  corresponds  to  Nf  =  8,  A+ 
small  and  A_  large.  It  will  have  values  similar  to  those 
for  Nf  =  6,  L  =  1  shown  in  the  figures. 

Since  the  largest  Seebeck  coefficient  is  for  the  case  of 
one  /-electron  in  the  ground  state,  we  were  curious  how  it 
varied  with  Nf.  One  can  choose  different  values  of  Nf,  in 
steps  of  two,  depending  upon  the  crystal  field,  spin-orbit, 
or  other  factors  which  split  the  original  degeneracy  of  14. 
These  results  are  shown  in  figure  3.  Again  we  used  U  =  6 
and  A_  =  0.5  and  A+  =  5.5,  all  in  electron  volts.  The 
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maximum  Seebeck  is  for  Nj  in  the  range  of  6-8,  which 
are  the  cases  of  Ce  and  Yb,  respectively. 

So  far  our  calculations  show  that  the  Seebeck  and 
Kondo  temperature  decline  in  value  as  one  considers  val¬ 
ues  L  of  /-level  occupancy  larger  than  one.  The  same 
conclusion  applies  to  /-holes.  Of  course,  in  mixed  va¬ 
lence  systems,  the  ground  state  configuration  (4 f)L  will 
change  as  the  occupancy  fluctuates.  Here  we  denote  L  as 
the  principle  valence.  These  results  suggest  that  Ce  and 
Yb  will  have  the  largest  values  of  the  Seebeck  coefficient 
among  all  of  the  rare-earth  compounds.  This  theoretical 
conclusion  is  in  accord  with  the  experimental  observa¬ 
tions^  8]. 
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Abstract 

The  characteristics  of  combustion  heat  from  the  municipal  solid 
waste  are  fitted  for  a  large-scale  application  of  thermoelectric 
power  generation  potentially.  In  the  paper  the  status  and  the 
future  prospects  on  the  development  of  thermoelectric  power 
generation  systems  to  recover  electricity  from  this  heat  source  in 
Japan  are  reviewed  and  discussed.  The  experimental  results  on 
three  different  types,  small-scale  (500  W  class)  thermoelectric 
power  generation  systems  installed  in  the  real  municipal  solid 
waste  processing  systems  to  demonstrate  the  technological 
feasibility  and  to  extract  the  technological  problems  are  briefly 
introduced.  The  conceptual  designs  of  small  scale  system  for 
the  next  phase  of  the  R&D  program  are  presented.  From  the 
view  point  of  large-scale  realization  the  thermoelectric  material 
and  modules  configurations  to  adapt  for  this  application  are  also 
discussed.  The  case  study  on  the  marginal  cost  estimation  shows 
the  cost  reduction  to  less  than  0.4-0. 5  Million  Yen/kW  to  make  a 
profit  on  this  system. 

Introduction 

Among  a  lot  of  applications  of  thermoelectric  power  generation, 
the  system  utilizing  combustion  heat  of  municipal  solid  waste 
has  received  particular  attention  in  recent  years  because  it  is 
highly  possible  to  respond  to  the  social  needs  to  solve  the 
problems  on  processing  solid  waste. 

In  Japan  municipal  solid  waste  per  capita  is  discharged  about 
1.1  kg/day  recently.  Because  of  limited  space  more  than  75%  of 
the  solid  waste  is  burned.  It  is  socially  acceptable  that  the  solid 
waste  processing  system  should  be  located  near  the  resident  area 
to  process  the  solid  waste  discharged  by  the  residents5  own,  not 
the  strangers.  Hence,  small  incinerator  systems  are  constructed 
at  each  town  and  each  small  local  government.  There  is  one 
incinerator  system  per  60,000  residents  on  an  average.  It  means 
that  a  lot  of  small  and  medium  scale  heat  sources  are  dispersed. 

On  the  other  hand,  1  kg  solid  waste  contains  about  10,000 
kJ/kg  in  enthalpy,  while  the  additional  energy  is  required  to  bum 
it.  It  is  the  most  acceptable  that  the  solid  waste  should  be 


processed  with  the  energy  contained  in  itself  at  least  from  the 
viewpoint  of  global  environmental  protection  issue  and  the 
conservation  of  fossil  fuel  resources. 

In  consideration  of  these  situations,  it  can  be  said  that  a 
thermoelectric  power  generation  system,  which  has  no  scale 
effect  and  high  reliability,  is  the  most  suitable  system  to  utilize 
the  combustion  heat  efficiently!!].  As  the  system  scale  would  be 
several  tens  kW  to  several  thousands  kW  in  power  output,  for  the 
thermoelectric  manufacturing  process  the  mass-production  effect 
can  be  expected  to  reduce  the  cost  substantially.  Moreover,  the 
spin-off  effects  are  also  anticipated  greatly. 

The  Japanese  national  project  entitled  “Research  on  Efficient 
Utilization  of  Unused  Energy  Sources  Such  As  Heat  of 
Combustible  Solid  Waste55  started  with  the  special  coordination 
funds  for  promoting  science  and  technology  by  Science  and 
Technology  Agency  in  FY1995.The  objective  is  to  establish  the 
technology  on  the  thermoelectric  power  generation  system 
recovering  unused  heat  source  to  improve  the  energy  conversion 
efficiency  for  regional  energy  systems.  The  major  research  items 
concerned  with  this  application  consist  of  the  followings: 

1)  Development  of  the  manufacturing  for  the  thermoelectric 
power  generation  module. 

2)  Development  of  system  technology  for  the  thermoelectric 
application  to  small ,  medium  and  large  incinerators 

3)  Development  of  optimum  design  and  evaluation  technique 
for  various  types  of  thermoelectric  power  generation 
systems  adapted  to  incinerator  system  conditions. 

The  R&D  term  will  be  five  or  six  years  divided  with  two  phases. 
Twelve  research  organizations  of  industrial,  governmental  and 
academic  have  joined  in  it. 

Another  R&D  activity  on  thermoelectric  power  generation 
system  for  the  utilization  of  combustion  heat  of  municipal  solid 
waste  has  been  promoted  by  Japan  Waste  Research  Foundation 
supported  by  the  Ministry  of  Health  and  Welfare  since  1991.  The 
objective  of  this  project  is  to  verify  the  improvement  of  the 
energy  conversion  efficiency  for  the  power  generation  system 
combined  with  a  small  or  medium  scale  solid  waste  processing 
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system  due  to  thermoelectric  energy  conversion  based  on  the 
existing  technology.  The  present  phase  is  from  FY1996  to 
FY1998.  The  major  research  items  are  as  follows: 

1)  Experimental  study'  on  the  establishment  of  the  suitable 
thermoelectric  power  generation  system  in  the  incinerator 
system 

2)  Conceptual  design  and  cost  evaluation  of  the  thermoelectric 
power  generation  system  for  a  small  or  medium  scale 
incinerator. 

The  committee  (Chair:  Prof.  N.Hirayama)  on  the  development 
of  utilization  of  combustion  heat  of  solid  waste  using  novel 
method  such  as  thermoelectrics  has  been  established  to  promote 
this  project  in  parallel  with  the  working  group  consisted  of  16 
private  companies. 

In  this  paper  the  status  and  future  prospects  on  the  development 
of  the  thermoelectric  power  generation  systems  utilizing  heat  of 
municipal  solid  waste  as  one  of  the  promising  applications  are 
reviewed  from  various  aspects. 

The  first  is  to  introduce  the  quantitative  and  qualitative 
characteristics  on  municipal  solid  waste  as  the  energy  resource. 
The  second  is  to  present  the  system  classification  and  examples 
of  conceptual  design.  The  third  is  to  review  three  experimental 
studies  for  real  incinerator  systems  to  verify  the  technological 
feasibility  and  extract  the  technological  problems  on  this 
application.  The  fourth  is  to  discuss  about  the  technological 
problems  and  future  prospects  including  cost  aspect  and  the 
approaches  to  solve  them  ,and  the  last  is  to  summarize  this 
review  as  conclusions. 

Resource  Evaluation 

In  order  to  efficiently  use  the  combustion  heat  of  municipal 
solid  waste  for  a  thermoelectric  power  generation  system,  it  is 
necessary  to  clarify  quantitative  and  qualitative  characteristics 
on  the  concerned  energy  resource  in  detail. 

The  total  amount  of  municipal  solid  waste  in  Japan  is  annually 
produced  about  50  Million  ton/year.  The  increment  rate  is 
gradually  increasing  even  though  the  campaign  for  reducing  the 
amount  of  solid  waste  by  local  government  is  achieved.  More 
than  75%  of  total  amount  is  burned,  while  the  other  is  reclaimed 
to  low  ground  ,  where  tends  to  be  limited  from  the 
environmental  issue.  About  2000  incinerator  sy  stems  of  more 
than  50  ton/day  have  been  in  operation  in  Japan.  The  number  of 
large  scale  systems  processing  more  than  150  ton/day  is  only 
about  22%.  The  numbers  of  small  scale  systems  of  several  tens 


kg/day  are  more  than  100,000.  The  numbers  of  the  incinerators 
increase  year  by  year  gradually. 

The  expense  for  processing  solid  waste  is  about  24,450  Million 
dollars  annually  in  Japan.  It  means  that  the  expense  for  1  ton 
solid  waste  is  420$/ton  and  the  expense  per  capita  is  164$/year. 

The  Rankine  cycle  power  generation  systems  installed  with 
large  scale  units  for  146  sites  have  been  in  operation  to 
generate  550MW,  which  means  30  Billion  kWh  in  electricity 
annually. 

In  addition  to  the  municipal  solid  waste,  the  amount  of  solid 
waste  rejected  from  industrial  sector  is  estimated  397  Million 
tons  per  year,  about  8  times  of  municipal  solid  waste.  Now  most 
of  it  is  reclaimed  to  low  ground.  The  location  for  reclaiming 
are  restricted  year  and  year.  About  50  systems  have  been  in 
operation  to  generate  247MW  in  electricity  by  the  Rankine  cycle 
system  at  present  It  will  be  important  to  apply  the  thermoelectric 
power  generation  system  to  this  field  in  the  future. 

Concerning  the  quality  of  the  energy  resource,  mean  heat  of 
combustion  for  high  grade  solid  waste  is  12,500kJ/kg,  while  that 
for  low  grade  one  is  7,100kJ/kg.  The  quality  is  not  constant 
regionally  and  daily.  The  temperature  variation  of  combustion 
gas  is  shown  in  Fig.  1,  where  the  variation  range  is  from  873K  to 
1433  K  and  temperature  change  from  1433K  to  1233K  for  one 
hour  as  an  example.  Moreover, it  is  careful  that  the  combustion 
gas  is  very  chemically  reactive  for  peculiar  temperature  range 
and  contains  some  contents  of  ash. 


Fig.  1  Temperature  variation  of  combustion  gas  for  a  real 
incinerator 

System  Classification  and  Conceptual  Designs 
System 
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Solid  waste  processing  systems  are  classified  from  the  point  of 
thermoelectric  energy  conversion  system  as  capacity 
(large;>200ton/day,medium5small;<50ton/day,Mini;-100kg/day), 
quality  of  solid  waste  (High;~12,500  kJ/kg,  Medium;~10,000 
kJ/kg,  Low;~7100kJ/kg),  operating  mode  (  Continuous, 
Intermittent),  location  (Near  city,  Remote)  ,  and  utilization 
(Heat,  Electricity,  Both).  Operating  mode  depends  on  the 
system  capacity  so  far.  However,  in  order  to  suppress  the  reaction 
of  toxic  products  such  as  Dioxins  all  of  incinerators  will  be 
operated  in  non-stop  run  even  for  a  small  scale  system  by  the 
regulation  in  future. 

The  types  of  thermoelectric  power  generation  systems  installed 
into  the  incinerator  system  are  classified  with  1)  system 
constitution  (Independent  system  from  other  heat  utilization. 
Combination  system  with  other  heat  utilization),  2)  power  utility 
(Stand  alone.  Grid  connection),  and  3)  installation  place 
(Furnace  wall-embedded  type,  Inserted-in-gas  duct  type, 
Separated  type  from  the  incinerator  but  connected  with  heat 
transmitter(Hot  air  type,  Heat  pipe  type),  Coexist-with  -boiler 
type). 

A  proper  type  of  thermoelectric  power  generation  system  can  be 
selected  in  due  consideration  of  given  conditions  for  existing 
solid  waste  processing  systems.  Concerning  the  type  of 
installation  place  in  the  incinerator  system,  various  heat 
exchanging  systems  from  combustion  gas  to  thermoelectric 
elements  and  from  thermoelectric  elements  to  heat  sink  system 
are  considered  as  shown  in  Fig.2. 


Working  Flu id-Water (Heat  Pipe-Water) 


Conceptual  Designs 

The  conceptual  design  of  thermoelectric  power  generation 
system  embedded  in  the  furnace  wall  for  a  1000  kg/day  ( i.e.,200 
kg/h  and  5  h  in  operation  per  day)  incinerator  was  carried 
out.  The  system  configuration  is  shown  in  Fig.3.  The  size  of  a 
furnace  for  a  mini  scale  incinerator  can  be  calculated  from  the 
equation  as  V=HG/Q,  where  V,H,G,and  Q  are  volume  of  a 
furnace,  heat  of  combustion,  processing  rate  and  heat  duty  of  a 
furnace  respectively.  Heat  duty  of  a  furnace  is  about  290kW/m3 
for  such  a  scale.  In  the  case  of  200kg/h  system,  the  volume  is 
4m3.  The  available  surface  area  embedding  thermoelectric  power 
generation  modules  was  estimated  3.6m2.  Hie  specifications  on 
the  module  are  shown  in  Table  1.  As  the  combustion 
temperature  reaches  more  than  1173K,  Si-Ge  elements  were 
used.  The  percentage  of  available  heat  to  overall  input  thermal 
energy  was  assumed  25%,  the  system  energy  conversion 
efficiency  would  be  2.5%  based  on  10.1%  in  thermoelectric 
energy  conversion  efficiency.  The  power  output  was  29kW  in 
DC  at  the  thermoelectric  modules.  The  gross  power  output  was 
estimated  23.2  kW  in  AC  through  inverter  of  which  efficiency 
was  80%.,  while  the  auxiliary  power  was  about  15kW.  The 
power  density  was  6.4kW/m2  at  800K  in  temperature  difference 
between  the  hot  side  and  cold  side  of  the  thermoelectric  element 
[2]. 


Auxiliary  Burner 


Fig.2  Classification  of  heat  exchanging  system  for  TE  generator 
applying  to  the  incinerator 


Fig.3  Configuration  of  a  mini-scale  incinerator 
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Table  1  Specifications  of  thermoelectric  module 


TE  Material 

S-Ge 

Fig.  of  Merit 

0.75x1  CH  K' 

TE  Leg  Hight 

32  mm 

Hot  Junction  Temp. 

1123 1C 

Cold  Junction  Temp. 

323  1C 

Temp.  Difference 

800  K 

Efficiency 

10.1  % 

Heat  Flux 

80.4  kW/m2 

Another  conceptual  design  of  thermoelectric  power  generation 
system  was  carried  out  on  the  basis  of  the  existing  incinerator  of 
40  ton/day.  This  incinerator  has  a  gas  cooling  system  through 
the  outlet  of  the  burner.  At  this  part  water  is  sprayed  to  reduce 
the  gas  temperature  adapting  for  next  stage,  which  is  a  hot  air 
heat  exchanger  of  523  K.  For  example,  about  80  ton/day  in  water 
flow  rate  is  sprayed  in  it.  This  enthalpy  drop  can  be  used  to 
generate  electricity  with  thermoelectric  power  generation  system. 

Hot  air  type  system  to  install  it  into  the  incinerator  was 
considered.  For  this  system  the  high  temperture  air  heat 
exchanger  is  replaced  instead  of  the  gas  cooling  system  to  make 
hot  air,  which  transfers  heat  to  the  hot  junction  for 
thermoelectric  power  generation  system.  The  outlet  of  hot  air 
through  thermoelectric  module  is  connected  with  the  inlet  of  the 
stack  as  shown  in  Fig.4.  The  conceptual  design  specifications  for 
each  grade  of  the  solid  waste  are  summarized  in  Table  2.  Hot  air 
temperature  is  designed  853K  provided  with  an  advanced  heat 
exchanger,  while  hot  air  temperature  is  523K  by  the  present 
technology.  When  the  energy  conversion  efficiency  is  assumed 
5%,  the  powder  output  for  high  graded  solid  waste  is  obtained  171 
kW.  The  heat  sink  system  is  used  with  a  cooling  tower  system. 


Fig.4  Conceptual  configuration  of  High  Temperature  Air  Heat 
Exchanger  ripe 


Table  2  Temperature  allocation  for  High  Temp.  Air  Type  system 


Item/Qual ity  of  Solid  Waste 

High  ; 

Standard 

1  Low 

Heat  Duty  (kW) 

3428 

2445 

880 

Inlet  Gas  Temp.  (K) 

1223 

1223 

1223 

Outlet  Gas  Temp.  (K) 

727 

775 

857 

Inlet  Air  Temp.  (K) 

373 

373 

373 

Outlet  Air  Temp.  (K) 

853 

853 

853 

Gas  Flow  Rate  (Nn3/h)  17,650 

14,090  10,280 

Air  Flow  Rate  (Nm3/h)  1  18,900 

13,480 

4,850 

Tube  Wal 1  Temp,  at  1st  Stage  (K) 

1003 

1062 

1029 

at  2nd  Stage  (K) 

848 

924 

967 

at  3rd  Stage  (K) 

718 

803 

899 

at  4th  Stage  (K) 

607 

694 

829 

Energy  Conversion  Eff.(%) 

5.0 

5.0 

5.0 

Power  Output  (kW) 

171 

122 

44 

On-site  Experiments 

Experiments  on  three  types  of  500  W  class  thermoelectric 
power  generation  system  installed  in  a  real  incinerator  have  been 
carried  out  to  verify  the  technological  feasibility  and  to  extract 
the  technological  problems.  It  is  an  ordinary  manner  to  proceed 
the  national  R&D  project  in  Japan.  These  types  are  1)  Hot  air 
t>pe,  2)Heat  pipe  type,  and  3)  Furnace  wall-embedded  type. 

Hot  Air  Type[3] 

The  field  test  of  thermoelectric  power  generation  system  was 
carried  out  for  the  real  incinerator  ,in  which  the  processing 
amount  was  40  ton/day  and  the  operating  time  was  16h/day.  The 
thermoelectric  unit  was  inserted  in  the  hot  air  duct  connected 
with  hot  air  heat  exchanger  as  shown  in  Fig.5.  In  the  nominal 
conditions  hot  air  temperature  is  523  K  and  outlet  temperature  is 
503  K.  The  coolant  at  the  heat  sink  is  used  water,  of  which 
inlet  temperature  and  outlet  one  are  296  K  and  305  K 
respectively. 


TE  Generator  Cooling  Water 


Fig.5  Schematic  diagram  of  the  field  test  for  Hot  Air  type 

For  the  wind  tunnel  test  before  the  field  test,  at  Thot  air  =505  K 
and  Twater  =296  K,  power  output  was  obtained  429W  ,when  load 
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voltage  =23.8  V  and  load  current  =18  A  in  the  case  of  12 
modules  times  7  stages  (  total  84  modules).  As  the  initial 
trouble  on  cooling  was  happened,  the  35  modules  alive  were 
installed  to  the  real  incinerator.  The  experimental  result  for  the 
field  test  is  shown  in  Fig.6.  The  internal  resistance  was  found  0.5 
Q .  The  power  output  per  module  was  6.57  W/module.  The 
enegy  conversion  efficiency  was  about  4%  to  3.5%. 


The  power  variation  with  time  is  shown  in  Fig.7.  The  inlet 
temperature  wras  changed  from  544  K  to  518  K,  so  that  power 
output  varied  with  input  condition  from  214W  to  175W.  The 
variation  of  power  was  proportional  to  square  of  temperature 
variation.  These  are  good  agreement  with  the  theoretical 
estimation.  The  experiment  was  stopped  for  short  duration, 
because  the  performance  degradation  was  large  due  to  the 
deterioration  of  the  adhesion  between  electrode  and 
thermoelectric  elements  caused  by  many  ON/OFF  operations.  As 
expected,  it  is  recognized  that  the  durability  of  junction  between 
electrode  and  element  is  very  much  important.  As  the  heat 
source  is  clean,  hot  air,  there  are  no  problems  on  corrosion  and 
fouling  .  Concerning  hot  air  temperature,  its  temperature  is 
limited  less  than  573  K  from  the  economical  heat  exchanger  tube 
material  at  present. 

Heat  Pipe  Type  [4] 

A  500W  class  thermoelectric  power  generation  system  has  been 
tested  in  the  real  incinerator  of  40  ton/day  .  The  heat  pipe  type 
experimental  facility  has  been  located  at  the  inlet  of  the  stack. 
The  heat  pipes  were  inserted  in  the  gas  duct  before  the  stack  to 
extract  thermal  energy,  which  was  used  as  a  hot  side  source  in  a 
thermoelectric  power  generation  system.  Figure  8  shows  the 


cross-sectional  view  of  the  heat  pipe  type  experimental  facility. 
One  unit  was  consisted  of  3  modules,  in  which  49  couples  of  Bi- 
Te  elements  were  used.  Totally  24  units  could  generate  500  W 
in  electricity.  The  heat  collecting  part  was  fin  tube  made  of 
copper,  of  which  fin  thickness  was  0.6mm  and  fin  pitch  was 
5mm.  The  working  fluid  was  Fluoride  Carbon  ( vapor  pressure  is 
0.8  MPa  at  298  K).  As  the  heat  pipe  is  tilted  at  7  degree,  working 
fluid  can  circulate  by  gravity. 


Fig.  8  Configuration  of  Heat  Pipe  type  test  facility 

DC  power  output  at  Tgas=513  K  and  gas  velocity  =18  m/s  was 
570  W.  Operating  hour  is  16  hours  per  day.  Start-up  and  shut¬ 
down  tests  were  carried  out  more  than  100  times.  The  steady 
state  reaches  about  half  an  hour.  The  characteristics  of  power 
output  (DC  and  AC)  are  shown  in  Fig.9.  The  power  output  were 
gradually  decreasing  with  time.  At  the  initial  one  month  the 
degradation  rate  was  0.55%/day.  The  reason  is  considered  to  be 
caused  by  the  ash  deposition  on  the  fin  surface  mainly. 
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Fig.9  Characteristics  of  power  output, gas  temperature  and  gas 
velocity 

Wall  embedded  type 

Two  sets  of  a  500  W  wall-embedded  type  test  facility  were 
installed  at  the  upper  portion  of  the  furnace  and  at  the  exhaust 
gas  duct  near  the  stack  in  the  Fluidized  bed  type  incinerator.  It 
can  process  36.5  ton/day  for  16  hours  operation.  The  test  unit  is 
consisted  of  4  modules,  which  can  generate  125  W  for  each 
using  Pb-Te  thermoelectric  elements  made  by  Global 
Thermoelectric  Inc.,.  The  surface  of  the  test  unit  was  set  up  on 
the  same  level  as  other  refractory  wall.  The  specification  of  the 
experimental  facility  is  summarized  in  Table  3. 

Table  3  Specifications  of  Wall-embedded  type  test  facility 


Size 

Module 

Thermoelectric  Element 
Power  Output 
Load  Voltage 
Load  Current 
Heat  Duty 
Coolant 


480  <t>  mm  x  204mm 
192  4>  nm  x  84  mmx  4  modules 
Pb-Te-Sn  80  couples  x  4 
500  W  (  at  8W/BI2  in  Heat  Flux) 
28  V 
18  A 
lOkW 


Water 


The  combustion  gas  temperature  changed  from  1073  K  to  1223 
K.  The  gas  flow  rate  changed  from  6570  to  15,120  Nm3/h  at  the 
same  time.  The  temperature  at  the  surface  of  the  test  unit 
changed  from  993  K  in  maximum  to  843  K  for  one  operation.  At 
the  upper  portion  of  the  furnace  the  maximum  power  output  was 
only  135  W  at  4.8  W/cm2  in  heat  flux.The  experimental  data 
were  substantially  lower  than  the  designed  values  because  of 
insufficient  heat  flux.  It  suggests  that  the  module  design  should 
be  adapted  to  the  properties  of  the  heat  source.  The  test  has  been 


continued  to  detect  the  long  run  effect  in  the  real  incinerator 
system. 

Technological  Problems  and  Future  Prospects 
Economic  Aspect 

According  to  the  experimental  results  of  several  thermoelectric 
power  generation  systems  in  the  real  incinerator  the 
technological  feasibility  has  been  verified,  although  some 
technological  problems  were  extracted.  It  is  very  important  to 
consider  the  system  from  the  point  of  economic  aspect  in  order  to 
be  smoothly  accepted  with  the  present  incinerator  systems  and 
society.  At  the  present  phase  there  is  no  detailed  investigation  on 
economic  aspect  of  this  application  but  the  preliminary  one. 

The  case  study  on  the  cost  estimation  was  t  achieved  on  the 
basis  of  the  existing  thermoelectric  module  technology. 

The  evaluation  was  achieved  the  account  of  the  difference  of  the 
construction  cost  for  each  component  as  compared  with  the 
conventional  system  in  order  to  estimate  the  marginal  cost. 

The  thermoelectric  power  generation  system  is  replaced  instead 
of  the  gas  cooling  system  for  a  stoker  type  incinerator  of  50 
ton/day  and  for  a  fluidized  bed  type  one  of  40  ton/day.  The 
amount  of  electricity  bought  from  the  electric  power  company  for 
15  years  is  saved  with  the  introduction  of  the  thermoelectric 
power  generation  system.  The  enthalpy  of  solid  waste  and  the 
power  density  are  assumed  to  be  8360  kJ/kg  and  5.7  kW/m2 
respectively.The  total  power  output  is  about  300kW.  The 
baseline  cost  of  the  thermoelectric  element  per  lkW  and  power 
generation  unit  are  estimated  to  be  1.2  Million  Yen/kW  and  2.4 
Million  Yen/kW(  2  times  of  thermoelectric  element  cost).  The 
cost  account  is  shown  in  Table  4  [6].  The  results  mean  that  the 
additional  investment  should  be  needed  43 1  Million  Yen  for  a 
stoker  type  and  500  Million  Yen  for  a  fluidized  bed  type. 


Table  4  Cost  account  based  on  1.2Million  ¥/kW  of  TE  element 


Conponent/System  Stoker  Type 

Fluidized  Bed  Type 

Building 

±0 

±0  Million  Yen 

Gas  Cool ing  Systen 

-105 

-84 

Thermoelectric  Element 

+725 

+766 

Auxi 1 iary  Components 

+260 

+250 

Buying  Electricity 

-449 

-432 

Balance 

+431 

+500 

Based  on  this  investigation  the  marginal  cost  of  thermoelectric 
element  can  be  estimated  to  be  0.487  Million  Yen/kW  (-4.35 
$/W)  for  the  former,  and  0.416  Million  Yen/kW  (—3.8  $/W)  for 
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the  latter  respectively.  These  values  are  about  1/3  of  the  existing 
element  cost.  The  cost  less  than  these  costs  is  competitive  with 
the  conventional  system  and  becomes  the  goal  for  the 
development  of  this  application. 

Technological  Problems 

According  to  the  above-mentioned  characteristics  and 
experimental  and  theoretical  works  on  this  application,  the 
peculiar  points  of  the  thermoelectric  power  generation  system 
recovering  heat  of  solid  waste  are  summarized  as  follows: 

1)  Temperature  range  is  wide;  that  is ,  from  1300  K  to  room 
temperature. 

2)  The  temperature  of  the  heat  source  is  variable  and  unstable 
hourly,  daily,  monthly  and  annually. 

3)  The  combustion  gas  contains  ash  and  is  chemically  reactive 
for  peculiar  temperature  range. 

4)  The  power  capacity  is  large,  and  total  numbers  of 
thermoelectric  elements  are  huge  as  compared  with  other 
applications. 

5)  The  main  mission  of  the  overall  system  is  to  process  the 
solid  waste  and  not  to  generate  electricity. 

The  technical  problems  to  be  solved  are  picked  up  from  these 
peculiar  points  and  several  experiences.  The  high  priority  in  the 
technological  problems  can  be  discussed  from  the  points  of 
software  and  hardware  as  follows: 

Concerning  the  former,  these  are: 

1)  To  achieve  the  most  useful  design  of  the  thermoelectric 
power  generation  system  in  consideration  of  power 
generating  cost  and  the  environmental  conditions  such  as 
site  and  heat  sink. 

Multi-dimensional  design  method  including  the  transient 
behavior  [5]  and  total  design  method  in  consideration  of  heat 
transfer  mechanism  and  heat  transfer  method  such  as 
radiator  type  or  hot  working  fluid  type  and  so  on  for  both  hot 
and  cold  sides  should  be  established. 

2)  To  properly  select  the  power  conditions(  Power  capacity. 
Voltage,  Current)  of  an  unit  or  module  in  consideration  of 
reliability,  controllability,  responsibility  and  redundancy  of 
the  system. 

At  present  they  are  considered  to  be  next  phase  problems. 
Concerning  the  latter,  these  are; 

1)  To  develop  the  high  performance ,  inexpensive  and  safe 
thermoelectric  element  over  the  wide  temperature  range. 

The  goal  of  the  thermoelectric  element  to  be  developed  is 
conceptually  shown  in  Fig.  10.  In  the  figure  solid  circles 


represent  the  existing  technology.  The  dotted  circles  represent 
advanced  elements.  At  present  it  seems  that  Bi-Te  element  is 
located  close  to  the  marginal  goal  line. 


Fig.  10  Goal  of  TE  elements  for  this  application 

2)  To  develop  the  thermal  stress  relaxation  module  or  stress 
-free  thermoelectric  module  in  order  to  have  the  durability 
for  more  than  15  years  and  for  many  times  start-up  and  shut 
-down  operations. 

The  experimental  results  of  durability  test  is  shown  in 
Fig.  1 1  [7] .  The  test  modules  is  ceramic  plate  sandwich  type 
Bi-Te  modules,  of  which  electrode  and  element  is  soldered  by 
Sn-Pb  type  solder.  The  added  heat  is  changed  from  300K  to 
453  K  for  three  hours.  One  cycle  time  is  6  hours.  According 
to  the  experiment,  the  modules  were  broken  up  to  200-240 
cycles.  It  is  very  severe  results.  It  suggested  that  the  module 
configuration  should  be  changed  to  the  stress-free  module 
such  as  shown  in  Fig.  12  [8]  for  example. 

3)  To  develop  the  countermeasure  to  the  chemically  reactive 
environment  and  the  deposition  of  fly  ash  such  as  air 
blowing  system. 

In  order  to  avoid  the  performance  degradation  due  to  the  ash 
deposition,  an  improved  experiment  was  carried  out  by  NKK 
group  [2] .  In  the  experiment  air  blowing  for  ten  minutes 
per  day  was  operated  to  the  module  surface  embedded  to  the 
furnace  wall.  The  stable  characteristics  could  be  obtained  as 
shown  in  Fig.  13  .  It  can  be  said  that  air  blowing  is  effective 
to  keep  the  electrical  performance  stable.  It  is  necessary  to 
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Fig.  1 1  Heat  cycle  test  of  TE  modules[7] 
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Fig.  12  Strain  relief  configration  of  TE  module[8] 


estimate  optimum  air  blowing  conditions  such  as  flow  rate, 
interval  and  duration  in  consideration  of  temperature 
reduction  effect  and  additional  auxiliary  power  for  a 
practical  large  scale  system. 

4)  To  develop  the  reliable  mass-productive  fabrication 
processing  of  thermoelectric  module  and  unit  by  applying 
industrial  robotics. 
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Fig.  13  Air  blowing  effect  on  wall-embedded  type  TE  module 


Future  Prospects 

At  present  the  R&D  stage  of  this  application  is  situated  in  the 
preliminary  phase  which  includes  several  small  scale 
experiments  for  real  incinerators  and  some  conceptual  designs 
under  the  national  projects  in  Japan.  Moreover,  many 
technological  problems  to  be  solved  and  their  approaches  were 
discussed.  It  can  be  said  at  least  that  the  potential  market  size  of 
this  applications  very  large  in  the  thermoelectric  industry  and  the 
thermoelectric  system  is  advantageous  in  principle  to  this 
application  as  compared  with  other  power  generation  system 
such  as  the  Rankine  cycle  system  from  the  view  point  of  the 
adaptability  to  the  energy  source. 

The  market  penetration  scenarios  of  the  thermoelectric  power 
generation  system  are  considered  as  shown  in  Table  5.  As  the 
first  generation  a  small  scale  less  than  lOOkW  thermoelectric 
power  generation  system  will  be  used  for  a  self-sustaining 
incinerator  system.  Figure  14  shows  the  approving  condition  of 
thermoelectric  performance  for  a  self-sustaining  incinerator.  As 
mentioned  in  Fig.  10.  it  is  necessary  to  reach  5%  of  energy 
conversion  efficiency  for  thermoelectric  power  generation 
system. 

The  key  is  the  development  of  durable  thermoelectric  modules 
and  low-cost  ,high  -reliability  mass-production  processing  for  the 
first  generation.  And  for  the  next  generation  the  development  of 
advanced  thermoelectric  materials  of  high  performance  is 
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essential  in  parallel  with  the  first  phase. 

This  application  surely  has  large  spin-off  effect  to  other  waste 
heat  sources  from  automobile,  industrial  process  and  many 
dispersed  heat  sources. 


Table  5  Market  penetration  scenarios  for  TE  system  utilizing 
heat  of  combustible  solid  waste 

Generation  Capacity  TE  Material  Heat  Exchanging  Type 


I 

n 

m 

IV 

v 


<100kW 

<100kW 

~300kW 


Bi-Te 

Bi-Te/Pb-Te 

Bi-Te/Pb-Te 


~300kW  Advanced  TE 
Large  Scale  Advanced  TE 


Hot  Air(523-573K) 
Wall -embedded 
High  Temp.  Hot  Air 
/Wal  I -embedded 
Advanced  Tech. 
Advanced  Tech. 


0  200  400  600  800  1000  1200 
Amount  of  processed  solid  waste (ton/ day) 

Fig.  14  Approving  conditions  of  TE  system  efficiency  for 
self-sustaining  incinerator  system 


Conclusions 

The  survey  on  the  feasibility  of  thermoelectric  power  generation 
system  utilizing  combustion  heat  of  solid  waste  has  been  done 
from  various  aspects  such  as  resource  evaluation,  system 
characterization,  on-site  experiments ,  cost  estimation  and  so  on. 

In  consideration  of  the  characteristics  of  solid  waste  as  energy 
source,  it  can  be  said  in  principle  that  a  thermoelectric  power 
generation  system ,  which  has  no  scale  effect  and  is  high  reliable, 
is  the  most  suitable  power  generation  system  to  utilize  the 
combustion  heat  from  a  mini-scale  to  large  scale  efficiently.  It  is 
necessary  to  select  a  proper  heat  exchanging  system  fitting  the 


incinerator  system  condition.  Due  to  several  on-site  experiments 
the  technological  problems  have  been  extracted  and  some 
approaches  have  been  discussed.  In  particular,  it  was  clarified 
that  the  problems  on  durability  and  heat  transmission  were  veiy 
important. 

In  conclusion,  although  there  are  technological  and  economic 
problems  to  be  solved,  the  thermoelectric  system  is  advantageous 
to  the  utilization  of  heat  of  solid  waste  as  compared  with  other 
systems.  The  further  research  and  development  with  this  aim 
should  be  highly  encouraged. 
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Abstract. 

The  performances  of  Peltier  cooling  depend  first  of  all,  on  the 
thermoelectric  properties  of  the  thermoelectric  (TE)  materials 
and  secondly  on  the  thermal  design.  A  survey  will  be  given  of 
present  and  future  TE  materials,  bulk  and  thin  film.  The 
technologies  of  manufacturing  the  materials  and  of 
manufacturing  TE  modules  (a  rigid  assembly  of  TE  couples) 
will  be  presented  with  future  trends.  Cooling  systems  from 
milliwatts  to  kilowatts  with  temperature  differentials  from  a 
few  K  to  more  than  100  K  will  be  examined.  Present  day  and 
pending  applications  will  be  reviewed. 

The  figure  of  merit  Z  is  the  best  overall  parameter  to 
characterize  TE  material. 

We  will  examine,  for  a  standard  air-air  modular  cooling  unit, 
the  influence  of  higher  values  of  Z,  on  the  cooling  power  and 
the  coefficient  of  performance  COP  (=  cooling  power/electrical 
power).  Also  the  influence  on  the  cost  of  the  system  will  be 
estimated.  The  COP  of  TE  is  compared  to  the  COP  of  a  small 
HFC  type  compressor. 

The  aspect  of  development  cost  will  be  addressed  as  it  is  a 
major  drawback  to  the  increase  of  new  developments. 

1)  Introduction 

We  shall  use  the  abbreviation  TE  for  the  word  thermoelectric. 
This  paper  attempts  to  satisfy  the  layman  and  the  specialist. 
For  the  past  few  years  there  is  a  renewed  interest  in 
Thermoelectricity,  also  all  the  work  done  over  the  past  30 
years  in  all  the  countries  of  the  former  Soviet  Union  is  slowly 
emerging.  We  hope  that  some  of  the  ideas  proposed  below  will 
encourage  discussion  and  development 

2)  Thermoelectric  materials. 

2.1  Characterization 

The  best  way  to  characterize  a  thermoelectric  material  is  the 
coefficient  of  merit  Z  =  s^/(p*K) 
where  s  =  Seebeck  coefficient  V/K 
p  =  electrical  resistivity  Q*m 
K  =  thermal  conductivity  W/(m*K) 

There  has  to  be  an  n  type  material  which  has  a  negative 
Seebeck  coefficient  and  a  p  type  material  with  a  positive 
Seebeck  coefficient.  The  basic  cooling  sub-assembly  is  the 
thermoelectric  couple  shown  as  a  sketch  in  Fig.  1,  then  comes 
the  thermoelectric  module  see  photograph  in  Fig.  1  which 
consists  of  TE  couples  in  series  electrically  and  in  parallel 
thermally.  These  are  manufactured  industrially  all  over  the 
World. 

Thermoelectric  semiconductor  materials  were  discovered  and 
developed  in  the  1950's.  For  cooling  around  300  K  bismudi 
tellluride  based  compounds  are  still  the  best.  The  improvement 
since  1960  has  essentially  been  in  quality  control. 


Active  cooling 

JZZZZZ,  7ZZZZZ1 


Fig.  1  Sketch  of  a  thermocouple-photograph  of  a  TE  module 
(Thermion)  base  8*6  mm 

Typical  easy  to  remember  values  for  bismuth  telluride  at 
ambient  temperature  are: 

s  =  ±200  pV/K 

p=10  pQ*m 

k  =  1.5  W/(m*K) 

Z  =  2.67*10A'3  K'1- 

These  materials  are  anisotropic,  the  performances  are 
obviously  better  when  they  are  oriented  in  the  most  favorable 
way. 

2.2  Experimental  characterization 
The  characterization  with  high  accuracy  is  very  difficult.  A 
paper  by  Uher  1  gives  an  excellent  survey  of  all  the  methods 
used.  The  most  difficult  parameter  to  measure  is  the  thermal 
conductivity.  Harman  2  developed  a  method  to  measure  directly 
the  coefficient  of  merit  Z.  This  measurement  is  relatively  easy 
to  do,  it  has  the  tremendous  advantage  of  being  a  cross  check 
of  Z  calculated  from  the  3  parameters  s,  p  and  k  measured 
independently.  The  difference  between  the  calculated  Z  and  the 
Z  measured  directly  gives  one  an  idea  of  the  inaccuracies 
involved.  Therefore  all  values  announced  by  a  laboratory  or  a 
company  must  be  considered  with  a  degree  of  precaution. 


2.3  Manufacturing  processes 

There  are  quite  a  few  ways  these  materials  can  be 
manufactured,  we  will  give  the  most  commonly  ones  used. 
The  following  pertains  to  bismuth  telluride. 

1)  Crystal  grown 

There  are  many  ways  to  grow  such  crystals.  The  best  crystals 
are  mono-crystals  meaning  that  the  manufacturing  process 
produces  an  ingot  consisting  of  one  crystal. 

-  The  Traveling  heater  method  known  as  THM  is 
considered  to  produce  the  best  mono-crystals.  This  method  is 
presently  mainly  used  for  research  because  the  method  is  a  very 
slow  one. 

-  Bridgman,  Zone  refining  and  Czchrowlsy  are  used  in 
industry. 

2)  Sintered  materials 
There  are  3  methods: 

-  cold  sintering  which  produces  a  non  oriented  material 
with  lower  performances 

-  hot  sintering  which  produces  an  oriented  material 
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for  bismuth  telluride  compounds  this  method  produces  an 
excellent  p  type  material  ( Z  up  to  3.0  *10A_3  KA"1,  but  the  n 
type  material  has  so  far  always  had  a  Z  that  does  not  exceed 
2.4*10^  Ka4. 

-  extruded  material 

This  process  is  used  to  manufacture  rods  of  TE  material  like 
spaghetti  with  diameter  greater  than  1  mm.  Interestingly  this 
process  produces  an  oriented  material,  that  can  be  used  directly 
by  slicing  perpendicularly  to  the  rod  (the  current  must  flow 
parallel  to  the  axis  of  the  rod). 

3)  Thin  film  deposition 

There  are  two  categories:  the  first  is  by  electrodeposition,  the 
second  by  vacuum  deposition.  The  latter  has  numerous 
processes  such  as  sputtering,  molecular  beam  epitaxy  etc. 

2.4  Temperature  ranges  of  present  day  TE  materials 

2.4.1  Bismuth  telluride 

This  material  generally  includes  Selenium  for  the  n  type 
material.  Normally  the  maximum  of  Z  is  around  300  K.  It  can 
be  shifted  as  a  function  of  temperature  by  changing  the 
composition  and  the  doping  of  the  material. 

This  material  can  be  optimized  to  have  a  maximum  Z  of 
2.5*10  -3  K>-1  at  200  K  Anukhin  3. 

The  maximum  of  Z  as  temperature  increases  is  around  350  K, 
this  material  is  generally  used  for  electricity  generation  but  can 
be  used  also  for  cooling.  The  maximum  temperature  at  which 
bismuth  telluride  can  be  used  is  a  function  of  its  internal 
degradation  as  a  function  of  temperature.  It  is  generally 
accepted  that  this  TE  material  should  not  be  continuously  used 
above  250  °C,  though  certain  compositions  can  withstand 
short  periods  up  to  275  and  even  300  °C.  This  temperature 
range  is  interesting  for  cyclic  cooling  and  heating  to  check 
reliability  of  electronic  components. 

2.4.2  Bismuth  antimony. 

This  compound  unfortunately  only  exists  as  an  n  type,  Lenoir 

4  Goldsmid  ^  proposed  that  one  can  use  a  superconductor  for 
the  other  leg,  then  the  overall  Z  is  close  to  the  Z  of  the  n  leg. 

2.5  Materials  of  the  near  future. 

After  over  30  years  of  stagnation  in  the  development  of  TE 
materials,  there  is  a  renewal  of  interest  in  this  area.  There  are 
two  families:  bulk  type  material  and  thin  film  materials.  The 
following  is  a  brief  survey  for  non  material  specialists  so  that 
they  have  some  idea  of  the  research  work  that  is  being  done. 

2.5.1  Bulk  type  materials. 

An  extensive  materials  search  has  been  done  at  the  Jet 
Propulsion  Laboratory  (Pasadena  California,  USA):  JPL  6. 
The  most  promising  materials  are  skutterdurites  which  are  a 
class  of  compounds  based  on  the  mineral  skutterdurite  : 
CoAs3.  There  are  nine  binary  semiconducting  compounds  in 
this  group,  the  first  one  to  be  studied  was  IrSb3.  Slack  7  has 
examined  the  thermoelectric  properties  of  skutterdurites. 

These  materials  of  cubic  structure  have  two  vacant  sites  Slack 
has  proposed  to  place  in  those  sites  a  "rattling  atom"  which 
would  considerable  reduce  the  thermal  conductivity  and  lead  to 
materials  with  a  ZT  of  the  order  of  1.  This  value  of  ZT  =  1  is 
no  marked  improvement  but  many  specialists  feel  that  one 
should  be  able  to  considerably  increase  it  for  skutterdurites. 
Numerous  other  materials  are  also  being  studied,  in  particular 
intermetallics  such  as  TiNiSn,  Kohl  8  and  organic  compounds. 
These  have  been  studied  for  many  years  but  the  major  obstacle 


to  be  solved  was  their  stability  in  time,  it  seems  that  this 
problem  has  been  solved. 

2.5.2  Thin  films. 

The  term  thin  film  is  a  very  simplistic  term  to  cover  new 
families  of  materials  that  consist  of  very  thin  films  that  are 
superlattices  one  of  which  is  quantum  wells.  The  TE 
properties  are  those  parallel  to  the  plane.  This  must  not  be 
forgotten  so  the  electrical  current  and  die  heat  flow  are  parallel 
to  the  plane. 

The  quantum  well  was  first  studied  by  Hicks  and  Dresselhaus 
9*  At  the  1997  Spring  Materials  Research  Society  Meeting  in 
San  Francisco  the  theoretical  work  by  Dresselhaus 
associated  with  the  experimental  work  on  PbTe  by  Harman 
11  constituted  a  proof  of  principle  of  the  quantum  wells. 
Dresselhaus  considers  that  the  time  frame,  for  this  to  reach 
industry,  is  10  years  away.  PbTe  was  studied  because  a  barrier 
was  available  which  was  not  the  case  for  bismuth  telluride. 

The  quantum  well  consists  of  a  very  thin  layer  of  material  ( 
between  1  and  100  nm)  sandwiched  between  two  barriers.  So  a 
system  would  consist  of  a  stack  of  alternatively  active  films 
and  of  barrier  films. 

It  is  necessary  to  indicate  that  the  Z  values  given  for  2D 
materials  does  not  include  the  barrier.  The  barrier  decreases  the 
Z  as  heat  flows  through  it  and  therefore  increases  the  overall 
thermal  conductivity  of  the  films.  Until  now  only  the  quantum 
wells  have  been  studied,  and  the  barriers  have  not  yet  been 
optimized. 

From  the  above  we  see  that  nothing  is  on  the  short  term 
horizon,  but  there  is  at  last  very  reasonable  hope  that  we  shall 
see  within  7  to  15  years  new  materials  which  will  considerably 
increase  the  performances  of  cooling  systems  and  will  open  up 
new  markets. 

A  cooling  system  consists  of  an  active  TE  material  and  a 
technology  to  mechanically  and  thermally  link  the  material  to 
the  heat  sources.  For  the  bulk  material  of  the  future  all  present 
day  technology  development  will  contribute  to  the  system 
design. 

For  thin  films  it  is  another  subject,  especially  as  we  saw  that 
the  plane  of  the  thin  films  will  be  perpendicular  to  the  heat 
sources.  This  will  require  the  development  of  a  whole  new 
technology. 

2.6  Unexplored  thermoelectric  physical  processes. 

We  must  not  forget  the  potential  physical  processes  that  have 
not  been  studied,  Anatychuk  ^  presented  a  table  showing  all 
the  thermoelectric  physical  processes.  Very  few  have  been 
studied  in  fact,  essentially  those,  with  an  electric  field 
continuous  in  time.  For  low  temperatures  the  magnetic 
enhancements  has  been  studied  they  are  the  Nernst, 
Ettinghausen  Riggi  etc.  effects. 

The  influence  of  pressure  and  of  magnetic  fields  has  not  been 
systematically  studied.  There  are  areas  that  should  be  explored. 
An  area  of  potential  interest  is  the  one  with  variable  electric 
and  magnetic  fields.  Work  has  been  done  in  some  of  these 
areas  Strachan  ^  combined  an  electric  field  with  a  variable 
pressure  (piezo-electric)  but  to  date  Strachan’s  results  have  not 
been  confirmed . 
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The  author  believes  that  these  areas  are  worth  studying. 

There  are  two  technologies  to  connect  the  TE  material  to  the 
heat  sources.  14.  The  most  common  one  uses  thermoelectric 
modules  as  shown  in  Fig.  1,  the  other  integrates  the  TE 
material  to  the  heat  exchangers  which  are  used  to  conduct  the 
electrical  current  from  one  piece  of  TE  material  ( n  type)  to  the 
next  piece  of  TE  material  (p  type) 15. 

3)  Thermoelectric  modules:  single  stage 

3.1.  TE  modules  with  a  ceramic 
The  great  majority  of  thermoelectric  modules  consist  of  the 
assembly  of  thermoelectric  couples  between  two  ceramic  plates 
see  Fig.  1.  The  ceramic  must  be  a  good  dielectric  insulator, 
have  mechanical  strength,  have  a  thermal  expansion 
compatible  with  the  copper  connectors  between  the  pieces  of 
TE  material  and  have  a  good  thermal  conductivity.  The 
compactness  of  the  TE  material  is  generally  such  that  the  area 
of  TE  material  is  about  40  %  of  the  area  of  the  ceramic  plate 

Generally  alumina  (AI2O3)  with  a  thermal  conductivity  below 
25  W/(m*K)  is  the  ceramic.  Beryllium  oxide  which  has  a 
much  higher  thermal  conductivity  of  250  W/(m*K)  is  also 
used  but  it  is  expensive  and  its  manufacturing  and  machining 
creates  a  toxic  dust.  Aluminum  nitride  is  an  excellent  material 
with  excellent  properties  and  a  very  high  thermal  conductivity 
of  180W/(m*K).  The  cost  of  this  material  which  five  years 
ago  was  very  high  is  now  coming  down  and  is  a  very  valid 
material. 

3.2  TE  modules  without  a  ceramic 

Modules  that  are  manufactured  without  a  ceramic  support  are 
more  compact  as  the  thermoelectric  elements  are  only  separated 
by  a  thin  electrical  insulator  with  a  thickness  of  about  0.1 
mm,  so  the  compactness  can  exceed  90  %. 

These  modules  nevertheless  require  an  electrical 
insulation  between  the  copper  connectors  and  the  heat 
exchangers.  Generally  one  uses  a  thin  organic  insulator  such  as 
Mylar  or  Kapton. 

The  performances  of  a  thermoelectric  module  depend 
primarily  on  the  quality  of  the  thermoelectric  material  and  to  a 
minor  extend  on  the  thermal  conductivity  of  the  electrical 
insulator  whether  it  be  a  ceramic  or  an  organic  electrical 
insulator.  We  will  address  the  subject  of  the  interfacing  of  the 
module  with  the  heat  exchangers  further  on. 

3.3  Interfacing  of  TE  modules. 

The  interface  with  the  lowest  thermal  resistance  is  a  soldered 
interface.  Present  day  applications  generally  interface  modules 
with  a  ceramic,  with  a  thermal  grease  such  as  a  zinc  oxide 
powder  in  a  silicone  oil.  There  are  also  thermal  pads.  These 
interfaces  have  the  advantage  of  allowing  the  ceramic  to  freely 
expand  thermally.  This  is  at  the  detriment  of  a  certain  thermal 
surface  resistance  between  the  ceramic  and  the  metallic  heat 
exchanger  which  is  of  the  order  of  0.35*10A'4  K*m2/W 
(0.35  K*cm2/W). 

An  alumina  ceramic  with  a  thickness  of  0.6  mm  and  a  thermal 
conductivity  of  25  W/(m*K)  has  thermal  area  resistance  of 
0.24  cm2*K/W,  this  is  similar  to  the  value  of  the  interface 
resistance.  A  Kapton  sheet  50  micrometers  thick  has  a  thermal 


bulk  surface  resistance  of  0.5  K*cm2/W,  but  it  has  two 
interfaces  of  around  0.35  K*cm2/W  each. 

When  both  sides  are  extriorly  mehanically  independent  both 
sides  can  be  soldered.  For  certain  applications  it  is  possible  to 
solder  one  of  the  ceramics  to  the  heat  exchanger.  In  this  case 
the  ceramic  has  a  metallization  on  its  outside  surface.  The 
soldered  interface  has  a  thermal  resistance  which  is  decreased  by 
a  factor  of  ten,  which  make  it  very  interesting.  Generally  one 
solders  the  cold  side  ceramic,  because  the  thermal  expansion  is 
much  less  than  on  the  hot  side.  Soldering  large  surfaces 
requires  considerable  care  and  its  application  is  essentially  a 
matter  of  cost. 

3.4  Integrated  heat  exchangers. 

By  this  term  we  mean  associating  the  "ceramic"  with  the  heat 
exchanger.  Until  now  the  market  for  TE  modules  was  for 
"universal  modules"  that  can  be  installed  in  many  different 
ways  to  many  different  heat  exchangers. 

The  trend  to  day  with  an  increasing  market  for  TE  modules 
estimated  at  about  a  15  %  annual  increase,  is  such  that  soon  it 
may  be  economically  valid  to  manufacture  TE  modules  for  a 
specific  application  with  the  heat  exchangers  being  an  integral 
part  of  the  TE  module. 

Two  technologies  are  emerging. 

3.4.1  Anodized  aluminum  heat  exchangers 
With  an  electrically  insulating  anodization. 

The  concept  is  to  manufacture  the  TE  modules  onto  the  heat 
exchanger  TE  modules  are  commercially  sold  with  an 
integrated  heat  exchanger  consisting  of  finned  aluminum  plates 

Thermally  this  concept  is  very  interesting,  the  main 
disadvantage  is  the  difference  in  thermal  expansion  between  the 
aluminum  and  the  copper  connectors,  it  may  be  advantageous 
to  replace  the  copper  connectors  with  aluminum  connectors?. 
This  technology  probably  very  economic  has  yet  to  be 
confirmed  from  the  reliability  point  of  view. 

3.4.2  Aluminum  nitride  heat  exchangers. 

The  advantage  of  aluminum  nitride  is  that  it  is  an  excellent 
thermal  conductor  and  an  excellent  electrical  insulator 
combined  with  a  high  mechanical  strength.  It's  cost  is 
decreasing  every  year. 

So  a  TE  module  can  be  made  with  this  ceramicmaterial  with 
an  appropriate  outside  surface  for  the  heat  exchange. 

The  cost  for  prototype  parts  made  with  aluminum  nitride  are 
still  very  expensive  but  for  large  annual  requirements  the  cost 
will  come  down. 

This  concept  leads  to  a  completely  new  technology  for  the 
assembly  of  several  or  many  modules  together.  The  main 
difficulties  will  be 

-  to  have  a  structure  to  hold  the  modules  together 

-  to  obtain  reliable  sealed  circuits 

-  to  absorb  the  thermal  expansion. 

Such  systems  are  presently  being  studied  and  will  probably  be 
commercially  available  in  the  next  few  years.  The 
performances  will  be  better  than  present  day  assemblies. 

4)  Multistage  TE  modules 
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These  TE  modules  produce  a  high  AT  and  give  a  low  cooling 
power.  The  applications  are  numerous  for  spot  cooling  in 
particular  of  detectors. 

Some  TE  companies  just  sell  the  multistage  modules,  other 
companies  manufacture  and  sell  detectors  with  their  in  house 
made  multistage  modules. 

The  lowest  temperature  one  can  reach  from  ambient  is  around 
160  K  17 . 

Another  application  is  to  drop  the  temperature  a  few  K  but  at 
very  low  temperatures.  At  temperatures  below  200  K  bismuth 
telluride  has  a  very  low  Z.  The  best  material  today  is  n  type 
bismuth  antimony  with  a  superconducting  second  leg.  to  our 
knowledge  such  modules  are  not  available  commercially.  The 
manufactures  use  them  for  their  own  detectors.  So  not  much 
information  is  available  about  them. 

5)  Applications. 

Below  we  have  reviewed  most  present  day  applications  and 
have  divided  into  categories  more  or  less  by  cooling  power  and 
temperature  range. 

5.1  Electronic  chip  spot  cooling. 

This  application  is  a  growing  market  as  more  and  more 
components  require  cooling.  The  main  trend  is  towards  higher 
and  higher  heat  flux  densities  which  is  requiring  development 
work. 

5.1.1  Present  day  technology. 

Today  certain  CPU's  are  cooled  thermoelectrically.  The  TE 
module  cools  the  CPU  and  on  the  heated  side  there  is  a  heat 
exchangers  and  generally  a  small  fan.  The  small  unit  is  either 
designed  for  assembly  to  the  CPU  during  manufacturing  or  as 
a  commercially  sold  add  on  component  that  clips  onto  the 
CPU.  The  modules  used  have  TE  legs  with  a  length  generally 
between  1  and  1.5  mm 

5.1.2  Micro  devices  with  thick  and  thin  films. 

This  is  a  new  area  of  development  The  substrates  are 
diamond  or  aluminum  nitride:  AIN.  The  advantage  of  having 
shorter  TE  legs  is  that  the  cooling  power  density  increases  as 
the  legs  get  shorter.  See  Fig.  2 


T  hot  =  330  K  diamond  substrates  Cold  side  temperature  K 
Fig.  2  Cooling  power  density  for  different  leg  lengths  from  18 


We  note  that  with  a  AT  of  50  K  the  cooling  power  density  in 
W/m2  increases  10  fold  each  time  the  leg  length  decreases  by  a 
factor  of  10  from  2  mm  to  0.2  mm  to  20  jam.  and  has  a  value 
of  3  MW/m2  (300  W/cm2),  these  are  very  high  heat  flux 
densities.  The  applications  are  for  the  cooling  of  electronic 
chips.  For  example  an  8  watt  chip  today  dissipates  30  W/cm2 
and  future  power  amplifiers  will  dissipate  100  W/cm2.  with 
these  micro  coolers  one  shall  be  able  to  maintain  the 
temperature  of  the  active  layers  of  the  electronic  device  from  a 
few  degrees  to  tens  of  degrees  below  the  temperature  of  the 
substrate  on  which  the  device  is  mounted.  This  reduction  in 
temperature  increases  reliability,  lifetime  and  clock  speed. 

5.2  Biological  applications 

More  and  more  biological  samples  require  cooling  for  them  to 
be  conserved  and  examined  often  under  a  microscope. 

5.3  Temperature  stabilization. 

Thermoelectrics  is  the  ideal  solution  when  one  needs  to 
stabilize  a  temperature  and  when  small  cooling  and  heating 
powers  are  required,  the  field  is  enormous  in  particular  in  the 
biological  sciences  where  often  it  is  critical  that  the 
temperature  be  maintained  constant  to  within  a  tenth  of  a 
degree  C. 

Certain  electronic  components  have  important  properties  that 
vary  with  temperature,  the  most  common  one  is  the  laser  diode 
that  is  very  sensitive  to  temperature.  This  market  has  not 
developed  as  fast  as  people  thought.  Komatsu  of  Japan 
developed  a  sophisticated  robot  to  manufacture  automatically 
small  TE  modules  of  a  few  mm  by  a  few  mm  for  this 
application.  The  robot  is  presently  operated  well  below  full 
capacity.  The  interesting  fact  is  that  a  robot  has  been 
successfully  built  to  manufacture  small  modules,  so  expertise 
has  been  accumulated  leading  the  way  for  the  future  when 
larger  modules  could  be  manufactured  automatically. 

5.4  High  AT  multistage  modules. 

These  modules  are  generally  for  detectors  of  all  sorts:  infra-red, 
X  ray,  gamma  ray  etc.  because  lowering  the  temperature 
reduces  the  noise  and  increases  the  sensitivity.  The  objective 
has  been  170  K.  This  is  obtainable,  but  still  requires 
considerable  electrical  power.  Better  TE  materials  will  reduce 
the  electrical  power.  Development  in  this  area  is  due  to  the 
military  applications. 

5.5  Standard  range  up  to  50  W 

There  is  a  big  World  market  for  TE  modules  with  a  ceramic 
sizes  of  30*30  and  40*40mm.  The  applications  are  "infinite” 
from  industrial  applications  to  consumer  products  such  as 
picnic  coolers.  This  market  is  the  one  that  has  made 
thermoelectrics  known  to  many  people.  A  new  potential 
market,  especially  in  the  US  is  the  water  cooler  market. 

There  is  presently  no  special  breakthrough,  cost  is  the  most 
important  factor.  The  manufacturers  of  the  applications 
sacrifice  performance  for  cost.  They  install  generally  only  one 
TE  module  and  operate  it  close  to  its  maximum  cooling  power 
hence  at  a  very  low  Coefficient  of  performance  COP 

COP  =  cooling  power  W  /  electrical  power  W 
which  often  gives  thermoelectricity  a  reputation  for  a  very  bad 
efficiency  when  it  is  not  quite  that  bad. 
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5.6  Range  up  to  50  W  with  a  higher  AT. 

For  quite  a  few  years  now  two  stage  modules  manufactured 
generally  with  three  ceramics  of  the  same  size  have  been 
commercialized.  These  TE  modules  allow  one  to  obtain 
slightly  greater  AT's  between  the  cold  ceramic  and  the  hot 
ceramic.  The  increase  is  of  the  order  of  10  to  15  K.  A  typical 
application  is  a  refrigerator  that  makes  ice. 

5.7  Range  50  to  200  W. 

The  small  home  refrigerator  has  a  cooling  power  of  75  W  this 
increases  as  the  size  of  the  refrigerator.  A  few  months  ago  the 
Japanese  company  Matsushita  announced  the  manufacturing 
and  commercialization  of  small  thermoelectric  refrigerators  for 
hotel  rooms.  The  main  advantage  of  TE  being  the  absence  of 
the  noise  of  a  compressor.  These  refrigerators  that  contain  food 
and  drink  are  quite  sophisticated  in  that  they  are  computer 
controlled.  Matsushita  announced  a  yearly  production  of  50 
000  units.  Their  publicity  was  misleading  in  that  they 
compare  their  performances  with  that  of  "cheap"  picnic  coolers 
so  announce  a  considerable  improvement  in  performance  which 
already  exists  in  systems  properly  designed. 

This  application  is  nevertheless  very  important  because  it 
creates  an  awareness  and  more  and  more  refrigerators  will  be 
thermoelectric  though  thermoelectricity  is  not  ready  to  replace 
the  compression  cycle  from  an  efficiency  point  of  view. 

This  example  is  very  interesting  because  it  is  a  reality  and  we 
can  use  it  to  make  comparisons  between  compression  cycle 
and  thermoelectricity.  This  is  the  object  of  paragraph  7. 

This  range  corresponds  to  space  cooling  for  electronic  cabinets, 
the  World  leader  in  this  field  is  TECA  (Chicago  Illinois  USA) 
who  make  off  the  shelf  TE  air-air  coolers  in  this  range.  Their 
standard  product  Americool®  4000  See  Fig.  3.  It  is  an  air  to 
air  unit,  designed  so  that  they  can  be  stacked,  Fig.  3  shows  4 
units  stacked  together 

5.8  Cooling  powers  greater  than  200  W 

The  TECA  unit  referenced  above  is  designed  so  that  up  to  10 
units  can  be  installed  in  parallel  on  both  air  circuits.  This 
gives  cooling  powers  in  the  range  of  1  kW. 

Marvel  has  developed  a  standard  TE  building  block  with  a 
nominal  cooling  power  of  150  W  with  a  AT  =  0  between  the 
inlet  air  flows  and  a  COP  =  1.  See  Fig.  4  Marvel  TEBB  AA6 
These  temperature  conditions  are  standard  for  electronic  cooling 
when  the  user  wants  to  keep  the  inside  temperature  of  the 
enclosure  equal  to  the  outside  temperature  without  any  air 
going  from  the  outside  to  the  inside  and  vice  versa.  This  TE 
air-air  building  block  is  designed  so  that  it  can  be  assembled  in 
series  and  in  parallel  on  both  air  circuits.  In  this  way  one  can 
obtain  much  greater  temperature  drops  than  with  units  that  can 
only  be  assembled  in  parallel. 

Applications  for  these  building  blocks  are  numerous:  first  of 
all  they  are  an  economic  way  to  build  feasibility  prototypes 
and  to  obtain  small  productions  series.  The  design  is  for  all 
uses  including  where  there  is  condensation  of  moisture  in  the 
air,  so  performances  are  not  optimized  for  a  given  application, 
but  they  are  sufficiently  good  for  most  applications.  Numerous 
feasibility  studies  have  been  done  for  the  air  conditioning  of 


Fig.  4  Photograph  of  Marvel  Thermoelectric  building  block 
air-air  TEBB6  Dimensions:  275*185*70  mm 


drivers  cabs  of  trains.  This  appears  to  be  an  excellent 
application  because  the  cooling  powers  do  not  exceed  10  kW 
and  are  generally  around  6  kW. 

We  must  not  forget  that  large  TE  systems  were  initially 
developed  in  the  1960's.  The  administrative  building  of  S.  C. 
Johnson  by  Frank  Lloyd  Wright  in  Racine  Wisconsin  USA 
was  equipped  in  1965  with  30  units  of  TE  air  conditioning 
with  heat  rejection  to  water,  manufactured  by  Carrier 
Corporation.  A  photograph  was  taken  by  the  author  in  1973 
of  a  unit  placed  on  the  floor.  After  8  years  they  were  mainly 
having  power  supply  problems.  A  few  years  later  the  units 
were  taken  out  for  lack  of  spares. 
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exit  air  fan  air  inlet 

Thermoelectric  unit  water  tubes 


Fig.  5  TE  air  conditioning  at  S.  C.  Johnson  by  Carrier  Corp. 
Cooling  power  1,5  kW  heating  power  1.8  kW 

Then  a  railway  coach  was  TE  air  conditioned  with  20  kW  of 
cooling  and  32  kW  of  heating,  designed  and  manufactured  in 
the  late  seventies  by  Air  Industrie  ^  see  photograph  in  Fig.  6 
below.  It  was  in  commercial  operation  for  over  10  years  on  the 
French  Railways  without  a  thermoelectric  failure,  there  were 
only  maintenance  problems  with  the  power  supply  and  the 
controls. 


Fig.  7  TE  water  cooling 
cabinet  for  a  submarine 
application.  Dimensions 
1800*600*900  mm 


The  influence  of  the  Z  of  TE 
material  on  the  performances 
of  a  system  vary  on  the  type 
of  system.  For  a  multistage 
cooler  the  overall  perfor¬ 
mances  depend  on  the 
module  performances  and  on 
the  heat  exchanger  on  the 
hot  side.  We  will  not  address 
this  example  as  the  module 
manufacturer  can  calculate 
the  performances. 


We  will  examine  an  air  to  air  TE  building  block  designed  for  6 
large  thermoelectric  modules.  These  building  blocks  are 
designed  so  that  they  can  be  placed  in  parallel  and  in  series  to 
make  up  a  big  system.  We  will  examine  a  single  building 
block 


Fig.  6  TE  air  conditioning  unit  of  a  passenger  railway  coach 


For  large  water  cooling  units,  there  are  no  commercially 
available  units  all  equipment’s  are  designed  for  a  specific 
application  such  as  for  submarine  use.  A  cabinet  is  shown  in 
Fig.  7  that  produces  15  kW  of  chilled  water  with  heat  rejection 
to  a  water  circuit  ^0.  it  was  developed  by  the  same  team  that 
developed  the  TE  railway  air  conditioning  Many  of  these 
cabinets  are  now  installed  and  are  in  operation  on  a  submarine. 

All  these  applications  has  proved  the  technical  reliability  of 
such  systems,  but  not  the  economic.  We  do  not  see  today  any 
more  applications  for  cooling  powers  in  the  tens  of  kW  range. 
These  applications  will  only  emerge  economically  for  specific 
applications  when  a  new  generation  of  TE  materials  with  Z’s 
at  least  double  of  present  day  materials  become  industrial. 

6)  Influence  of  Z  on  the  performances  of  a  standard  TE 
building  block  (TEBB) 


6.1  Description  of  the  TE  Building  Block.  (TEBB) 

The  TEBB  is  designed  to  contain  6  TE  modules  with  ceramics 
ranging  in  size  between  40*40  and  62*62  mm.  See  Fig.  4 
Photograph  Marvel  TEBB  AA6 

The  air  to  air  TEBB  is  cross  flow  so  that  the  TEBBs  can  be 
placed  in  parallel  and  in  series  on  each  of  the  air  circuits.  See 
Fig.  8  Schematic  of  8  TEBB  AA6  which  shows  8  TEBBs. 


hot  air  ^ 


6.2  Performances  of  TE  building  block. 

The  performances  for  the  TEBB  with  a  commercial  TE  module 
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Melcor  CP5-31-06  L  are  given  in  Fig.  9  The  nominal 
conditions  are  those  used  for  electronics: 

-  both  inlet  air  temperatures  are  equal  to  25  °C. 

With  a  COP  =1  the  cooling  power  is  of  135  W 

-  the  air  flow  rates  are  such  that  the  cooled  air  velocity  is 
2  m/s  and  the  heated  air  flow  velocity  is  4  m/s. 

6.3  Influence  of  Z  on  the  performances. 

We  have  examined  the  influence  of  Z  between  2.44  and 
8.5*10"3  k’1  of  a  hypothetical  TE  material  to  see  how  it 
influences  the  performances  of  the  Marvel  air-air  TEBB6.  We 
used  the  simple  thermal-thermoelectric  mathematical  model 
21.  the  air  flow  velocities  through  the  heat  exchangers  are  of  3 
m/s  on  the  cooled  side  and  6  m/s  on  the  heated  side.  The 
thermal  resistance's  between  he  ceramics  of  each  Melcor  CP5- 
31-06  TE  modules  and  the  air  flows  are  for  the  cooled  side 
0.24  K/W  and  for  the  heated  side  0.17  K/W. 


For  each  case  with  the  set  of  values  of  P>  s  an(l  K  with  a 
corresponding  Z,  we  calculated  the  Cooling  power  and  COP  as 
a  function  of  AT  between  the  two  air  flows  and  the  electical 
current  through  the  TE  modules. 

To  obtain  2D  graphs  from  3D  data,  we  chose  to  present  the 
results  for  a  given  AT  between  the  two  air  flows.  We  chose  30 
K  as  being  an  industrially  valid  temperature  difference. 

AT  =  (T  heated  in  +T  heated  out)  -  (T  cold  +T  cold.o.ufl 
2  2 

=  30  K 

With  AT=  30  K,  we  calculated  for  each  case  the  maximum 
cooling  power  and  the  maximum  of  COP  and  the 
corresponding  electrical  currents  through  the  TE  modules. 

The  nominal  values  for  Z  =  2.44*  10"^  K"  V 
Are:  Maximum  cooling  power  152  W 
COP  Max.  =  0.39 
Fig.  10  gives  the  relative  values 


We  used  the  following  formulae  from  Melcor  expanded  around 
23  °C  ( not  from  O  K  as  the  Melcor  formulae  are  given) 

p  =  (10.85+0.0535*(tm_Te-23) 

+  0.0000628*(tm_Te-23)A2)/1000000  Q*m 

s  =  (210.9+0.344*(tm_Te-23) 

-  0.0009904*(tm_Te)A2)/1000000  V/K 

k  =  (1.659-0.00332*(tm_Te-23)+0.0000413*(tm_Te-23)A2) 

W/(m*K) 

The  values  of  Melcor  material  at  23  °C  correspond  to  the  first 
number  in  the  expansion. 


O  COP 
Air  inlet  temperatures 

hot  side  25  °C  50  %RH  air  2  m/s:  9.1  g/s  AP  =  24  Pa 
cold  side  25  °C  50  %RH  air  4  m/s  27.3  g/s  AP  =  46  Pa 

Fig.  9  Marvel  air-air  TEBB6  Cooling  power  and  COP. 

The  hypothetical  material  has  properties  p,  s  and  k.  We  chose 
the  values  by  taking  the  initial  values  of  the  Melcor  material 
then  we  multiplied  them  by  the  factors  given  below. 

Values  of  1000*Z 


2.44 

3.02 

3.72 

4.61 

5.7 

6.3 

8.5 

k  factor  of  p 

1 

0,9 

0.9A2 

0.9A3 

0.9A4 

0.9A4 

0.9A5 

k  factor  of  k 

1 

0.9 

0.9A2 

0.9A3 

0.9A4 

0.9A5 

0.9A5 

k  factor  of  s 

1 

1 

1 

1 
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COPmax  at  Z/COPMax  at  Z0 


Marvel  air-air  TEBB  with  DT  =  30  K  between  the  air  flows. 

Fig.  10  Relative  Maximum  Cooling  power  and  COP  max.  for 
average  AT  between  the  air  flows  =  30  K 

We  must  not  forget  that  these  two  values  correspond  to  two 
different  values  of  the  electrical  current.  So  we  examined  an 
"industrial”  case,  we  took  the  average  of  these  two  electrical 
currents  which  corresponds  to  a  current  that  would  be  used 
industrially. 

We  chose  severe  conditions.  A  constant  AT  between  the 
average  temperature  between  the  two  air  circuits  of  30  K 

We  defined  an  industrial  operating  point  such  that 

I  ind  =  [I(  Pmax)  +1  (COPmax)]/2 

AT  =  (T  heated  in  +T  heated  out)  -  (T  cold  +T  cold  out) 

2  2 

=  30  K 


43 


16th  International  Conference  on  Thermoelectrics  (1997) 


Examining  the  results  of  the  calculations  shown  in  Fig.  11, 
we  realized  that  the  criteria  chosen  for  the  "industrial  current" 
was  not  ideal,  we  got  a  dispersion  of  points,  that  can  only  be 
explained  by  the  arbitrary  choices  of  p,  o  and  k.  The  curves  are 
relatively  regular  up  till  Z  =  6.3*10-3.  Then  the  COP  drops 
off.  The  only  explanation  we  can  find  is  that  up  to  a  Z  of 
6  3*io-3  the  s  remained  unchanged  then  for  Z  =8.3*10*3  we 
increased  s. 


1 

0.9 

0.8 

0.7  o 
U 

0.6  | 

on 

0.5  % 

a 

I— I 

0.4 

0.3 

0.2 


□ 


Industrial  cooling  power  W 


1000*ZKA-1 


^  Industrial  COP 


Electrical  current=  (current  of  Pm  ax  +  current  of  COP  max)/2 


Average  temperature  between  the  two  air  flows  =  30  K 
Fig.  11  Industrial  cooling  power  and  Industrial  COP  with 
average  AT  between  the  two  air  flows  of  30  K 


This  graph  shows  that  from  a  1000*Z  of  2.4  to  8.5  the 
cooling  power  increases  by  a  factor  of  3,  but  the  COP  then 
leveled  off  at  0.7.  We  examined  the  results  of  the  calculations 
and  saw  that  for  1000Z  =8.3  we  could  increase  the  COP  to  =1 
but  the  cooling  dropped  to  338  W. 

The  AT  max.  which  corresponds  to  zero  cooling  power  was 
not  systematically  examined  but  with  a  Z  of  6.3  *10*3  K**.  It 
exceeds  120  K. 


6.4  Estimated  influence  of  Z  on  the  cost  of  the  TE 
building  block. 

The  cost  of  a  TE  unit  is  proportional  to  the  number  of  TEBBs 
and  to  the  yearly  production.  Examining  the  above  graphs,  we 
consider  that  assuming  a  conservative  value  today  of  Z  = 
2.4*10*3  when  Z  reaches  6*10-3  the  cost  will  be  divided  by 
more  than  two  and  at  the  same  time  the  COP  will  have  more 
than  doubled. 


7)  Comparison  between  a  TE  module  and  a  small  compressor 

We  are  giving  this  because  a  lot  of  general  statements  are  made 
on  the  subject  but  few  numbers.  So  we  have  examined  the 
COP  of  small  HFC  R134a  compressors  of  60  W  and  75  W  of 
electrical  power  at  60  Hz  and  50  Hz  (courtesy  of  Japan  air 
conditioning,  heating  and  refrigeration  news).  Fig.  12  shows 
the  COP  as  a  function  of  the  temperature  difference  between 
condensor  at  45  °C  and  evapoerator,  ambient  being  32.2  °C. 


45  50  55  60  65  70 

T  condensor  -  T  evaporator  K 
Fig.  12  COP  of  a  compressor  with  HFC  R134a. 


It  is  dangerous  to  use  the  same  temperature  differences  for  an 
equivalent  TE  system,  nevertheless  it  is  interesting  to  compare 
the  above  performances  with  those  of  a  TE  module  with 
today's  Z  =  2.44*10-3.  A  compressor  operates  essentially  at 
constant  electrical  power,  but  a  TE  system  can  be  operated 
with  different  electrical  powers  (electrical  current)  so  we  must 
choose  a  value  for  the  electrical  current.  See  Fig.  13  and  14 

We  want  to  compare  the  compressor  operating  with  a 

AT  =  50  K  to  the  above  module.  We  see  that  with  this  AT  and 

an  electrical  current  of  50  A  we  obtain  30  W  with  a 

COP  =  0.18.  This  is  to  be  compared  with  a  COP  between  1.5 

and  1.9  for  a  compressor.  The  conclusion  is  that  today  we  are 

very  far  from  the  COP  of  a  compressor  for  the  range  of  a  few 

hundred  watts  of  cooling. 


Nevertheless  we  must  not  forget  the  advantages  of  a  TE 
system  which  are  reliability,  no  potentially  hazardous  fluid, 
flexibility  etc. 


27  °G 


Fig.  13  Cooling  power  of  a  Melcor  CP5-31-  06 
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The  COP  is  given  in  Fig.  14 


AT  Axis  goes  from  0  to  75  K 

AT  =  Temp,  hot  side  ceramic  -  Temp,  cold  side  ceramic 

Fig.  14  Melcor  module  CP5-31-06  COP 
8)  Economics  of  TE  cooling  and  development  costs. 


A  predominant  parameter  is  the  annual  requirements.  As 
annual 

quantities  increase  the  costs  go  down.  For  very  large  annual 
quantities  such  as  those  encountered  in  the  automotive  industry 
the  cost  is  essentially  material  cost,  the  manufacturing  and 
assembly  costs  become  the  minor  component. 

8.1  Raw  TE  material  costs 

For  cooling  today  bismuth  telluride  is  the  only  valid  material. 
Material  costs  vary  as  a  function  of  purity  and  of  annual 
quantity,  the  following  values  are  approximate  and  correspond 
to  annual  quantities  per  ton  and  purities  between  4  and  five 
nines. 

Bi:  $10/kg 
Te:  $70/kg 
Sb:  $80/kg 
Se:  $45/kg 

New  materials  may  use: 

Zn:  $1. 20/kg 
Cd:  $1. 50/kg 
Co:  $43/kg 

with  these  values  the  raw  materials  cost  for  a  bismuth  telluride 
that  contains  Sb  and  Se  will  be  around  $70/kg. 


8.2  TE  material  costs. 

Bismuth  telluride  is  available  on  the  World  market,  the  price 
per  kg  for  one  ton  a  year  is  around  $250.  This  is  very  variable 
as  it  depends  on  the  Z  of  the  material,  this  value  if  for  a  Z  = 
2.5*10^3  KA-!. 


8.3  TE  module  costs. 

One  can  in  a  very  simplistic  way  calculate  the  module  cost 
based  on  the  amount  of  TE  material  and  come  up  with  a  $/kg 


of  TE  material  in  a  module.  Comparisons  are  only  valid  for 
very  similar  modules  as  the  cost  increases  considerably  as  the 
size  of  the  TE  elements  decrease. 

A  major  parameter  is  once  again  the  annual  requirements.  TE 
module  manufacturers  generally  give  cost  for  orders  up  to  1000 
modules,  for  larger  quantities  there  is  always  negotiation.  An 
estimation  of  the  relative  cost  as  a  function  of  quantity  is 
given  in  ^2 

For  medium  and  large  cooling  power  TE  modules  the  cost  per 
kg  of  TE  material  assembled  into  a  module  is  around  $1500, 
for  annual  orders  corresponding  to  a  ton  of  TE  material  in  the 
TE  modules. 

8.4  TE  system  costs. 

The  predominant  parameter  is  the  influence  of  the  annual 
production,  but  the  technology  of  the  system  will  depend  on 
the  annual  production.  Obviously  the  level  of  production  at 
which  the  technology  changes  depends  on  many  parameters  to 
simplify  when  dealing  with  large  cooling  systems  with 
cooling  powers  in  excess  of  hundreds  of  watts  the  "magic 
number  is  1000  kg  year  of  TE  material. 

Today  the  TE  module  manufacturers  produce  TE  modules  that 
are  relatively  universal,  this  means  that  they  can  produce  large 
annual  quantities.  The  user  who  only  requires  much  smaller 
quantities  profits  by  the  series  effect  of  the  TE  module 
manufacturer. 

The  difference  is  that  the  annual  quantities  so  far  for  TE 
systems  is  small  except  for  some  devices  that  require  only  one 
TE  modules  such  as  specific  spot  electronic  cooling,  or  the 
picnic  cooler. 

8.5  Development  costs. 

This  aspect  is  generally  considerably  under  estimated.  Big 
systems  require  extensive  R  and  D.  That  is  why  developing  a 
multi-use  building  blocks  is  economical,  because  the 
thermoelectric  R  and  D  has  been  done  and  then  there  is  only 
left  to  do  the  mechanical  assembly. 

Systems  require  that  a  test  bench  be  built  to  measure  the 
overall  performances  and  also  endurance  testing  is  a  necessity 
to  ensure  the  reliability  of  the  system. 

It  is  very  difficult  to  estimate  on  a  general  basis  development 
costs.  When  experience  in  designing  and  building  TE  systems 
is  already  available  then  the  development  cost  decreases 
considerably.  Unfortunately  there  is  no  book  on  the  Design 
and  Technology  of  TE  cooling  systems, 

8.6  New  TE  materials 

The  new  materials  which  are  on  the  horizon  may  contain  Zn 
and  Cd  which  are  very  cheap  and  Co  is  about  half  the  price  of 
Te  so  from  the  raw  material  aspect  we  may  see  a  considerable 
decrease  in  cost. 

Today  we  do  not  know  the  manufacturing  processes  that  will 
be  required  to  make  from  these  raw  materials  a  good  TE 
material,  but  we  can  hope  that  the  processes  will  be  analogous 
to  those  used  today  so  the  manufacturing  costs  should  be 
similar.  As  the  raw  materials  are  cheaper  and  the  performances 
are  considerably  better,  we  should  see  a  big  increase  in  annual 
quantities  and  this  should  also  contribute  to  bring  down  the 
cost  of  the  TE  material. 

Many  applications  will  only  develop  if  the  cost  of  the  TE 
material  is  considerably  lower  than  today. 
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9)  Conclusions 

Peltier  cooling  has  progressed  very  slowly  over  the  past  35 
years.  In  fact  many  large  applications  of  the  past  have  proven 
the  advantages  of  thermoelectrics  but  the  economics  are  very 
rarely  valid  for  large  systems.  For  the  past  4  years  money  has 
been  invested  into  the  study  of  new  materials,  They  are  7  to  15 
years  away.  New  areas  of  thermoelectrics  deserve  research  such 
as  those  where  there  are  magnetic  fields,  variable  currents  and 
perhaps  mechanical  stresses. 

Thermoelectrics  has  not  taken  off  yet.  It  will  come  but  in 
probably  only  10  to  15  years.  Then  it  may  increase  like  the 
area  of  microelectronics  today. 
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0  ABSTRACT 

This  paper  describes  state  of  the  art  in  thermal  micro-sensors, 
as  fabricated  using  thin-film  and  silicon  technology.  After 
defining  thermal  sensor  types,  the  major  thermal  sensors  are 
described.  It  also  considers  the  physical  and  thermal  effects  on 
which  the  sensor  action  is  based,  and  gives  an  introduction  in 
the  technology  and  design  methodology  of  present  day  thermal 
micro-sensors. 


I  INTRODUCTION 

Thermoelectric  Thin  Films:  Ideal  for  Thermal  Sensors 

After  the  industrial  revolution  of  the  19th  century  and  the 
electronics  revolution  of  the  last  decades,  we  are  now  on  the 
brink  of  the  information  technology  revolution  of  the  21st 
century.  An  important  side  effect  of  the  information- 
technology  revolution  is  its  ever  increasing  need  of  data  on  the 
environment.  For  this,  we  need  sensors  which  can  measure 
every  aspect  of  life,  and  transduce  the  related  physical  signals 
into  electrical  signals.  The  computer  then  does  the  rest. 


Figure  1:  The  six  signal  domains,  with  indicated  the 
transduction  of  a  thermal  infrared  sensor. 

An  often-used  classification  of  sensors  distinguishes  six 
domains  into  which  physical  signal  can  be  classified  [1]: 
mechanical,  chemical,  magnetic,  radiant,  thermal  and  electric, 
see  Fig.l. 


Thermoelectric  thin  films  are  of  importance  to  a  class  of 
sensors  called  thermal  sensors.  Thermal  sensors  transduce 
non-thermal  signals  into  thermal  signals,  and  then  into 
electrical  signals  (indicated  in  Fig.l).  For  this  second 
transduction,  the  thermoelectric  effect  is  often  used.  It  has  the 
advantage  over  other  methods  to  transduce  from  thermal  to 
electric,  that  it  is  a  self-generating  effect,  which  means  that  the 
power  needed  for  the  electrical  signal  originates  from  the 
thermal  signal.  The  advantage  lies  in  the  fact,  that  there  cannot 
be  any  offset,  since  there  cannot  be  a  non-zero  output  signal 
without  input  signal  (and  power).  Moreover,  biasing  is  not 
required  either. 


II  ANALYSIS  OF  THERMAL  SENSING 

Thermal  power  sensors  and  thermal  conductance  sensors 

In  thermal  sensors,  the  transduction  of  the  input  signal  to  the 
output  signal  is  carried  out  in  two  transduction  steps,  first  the 
input  signal  is  transduced  into  a  thermal  signal,  and  then,  the 
thermal  signal  is  transduced  into  the  electrical  output  signal. 
An  important  distinction  among  thermal  sensors  is  that 
between  thermal  power  sensors  and  thermal  conductance 
sensors  [2]. 

Thermal  power  sensors 

In  the  thermal  power  sensors  the  input  signal  which  is 
measured  by  the  sensor  is  a  (thermal)  power,  which  is  used  to 
generate  the  (electrical)  power  of  the  sensor's  output  signal. 
Therefore,  there  can  be  no  output  signal  if  the  input  signal  is 
zero.  These  (so-called  self-generating)  sensors  have  no  offset, 
and  need  no  biasing.  Especially  for  this  class  of  sensors,  the 
thermoelectric  thin  films  are  ideal.  The  operation  of  the 
thermal  power  sensors  takes  place  in  three  steps. 

1)  The  nonthermal  signal  C  is  transduced  into  the  thermal 
signal  heat  P ,  by  means  of  sensor-specific  transduction 
action  Q. 

P-QC  (1) 

2)  The  heat  P  is  converted  into  the  thermal  signal 
temperature  difference  AT,  by  means  of  a  thermal 
structure  with  thermal  resistance/?. 

AT-RP  (2) 
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3)  The  temperature  difference  A  T  is  transduced  into  an 
electrical  voltage  U,  by  means  of  a  temperature 
difference  sensor  S. 

U=SAT  (3) 

In  total,  the  transfer  U/C  of  a  thermal  power  sensor  is 
described  by: 

U/C  =  QRS.  (4) 

Here,  Q  is  governed  by  the  physical  transduction  processes 
underlying  the  sensor  physics,  R  is  the  thermal  resistance  of 
the  sensor’s  active  area  to  the  ambient,  often  enhanced  by 
using  micro-machining  techniques,  while  5  may  be  the 
sensitivity  Mxs  of  a  thermopile  with  Seebeck  coefficient  as, 
consisting  of  N  couples. 

Thermal  conductance  sensors 

In  the  case  of  thermal  conductance  sensors,  the  input  signal  C 
influences  the  thermal  conductance  G  between  sensitive  area 
and  ambient.  To  measure  the  thermal  conductance,  the  sensor 
is  biased  with  a  heating  power  P.  In  this  class  of  (so-called 
modulating)  sensors  the  importance  of  a  self-generating 
second  transduction  such  as  the  thermopile  is  less  important, 
but  it  can  be  convenient  in  some  circumstances.  The  transfer  in 
the  thermal  conductance  sensors  is  as  follows. 

1 )  The  nonthermal  signal  C  is  transduced  into  the  thermal 
signal  conductance  G,  by  means  of  sensor-specific 
transduction  action  Q  (with  G0  as  the  offset  of  the 
sensor). 

G=QC  +  G0  (5) 

2)  The  conductance  G  is  converted  into  the  thermal  signal 
temperature  difference  AT,  by  means  of  the  (internally 
generated)  thermal  heat  P. 

A  T=P/G  (6) 

3)  The  temperature  difference  AT  is  transduced  into  an 
electrical  voltage  U,  by  means  of  a  temperature 
difference  sensor  S. 

U=  S  AT  (7) 

For  thermal  conductance  sensors,  the  total  transfer  can  no 
longer  be  written  in  a  multiplicative  form,  instead  we  find: 

U=PS/(QC  +  G0).  (8) 

This  exposes  the  offset-containing  character  of  modulating 
sensors.  As  for  step  3),  in  some  thermal  conductance  sensors, 
the  electrical  signal  takes  on  another  form,  for  instance  a 
current  or  resistance  value,  depending  upon  the  type  of 
temperature  difference  sensor  used  (thermopile,  PtlOO, 
transistor). 


Ill  MAJOR  THERMAL  SENSORS 
Overview  of  thermal  sensors 

At  present  at  least  ten  different  types  of  thermal  sensor  can  be 
distinguished.  Five  of  them  belong  to  the  thermal  power  class 
(self-generating),  five  to  the  thermal  conductance  class 
(modulating).  They  are  listed  in  Table  1,  and  will  be  briefly 
discussed  below.  For  a  more  extensive  description,  please 
consult  [2],  With  the  exception  of  the  psychrometer,  all  these 
sensors  have  been  realized  in  in  both  silicon  and  thin-film 
technology. 


Table  1 :  Overview  of  thermal  sensors,  signals  they  measure, 
and  operation  principles. 


Sensor 

Measures 

thermal  power  sensors: 

microcalorimeter 

concentration 

psychrometer 

humidity 

infrared  sensor 

infrared  radiation 

RMS  converter 

AC-electrical  power 

EM-field  sensor 

EM  fields 

thermal  conductance  sensors: 

flow  sensor 

fluid  flow 

vacuum  sensor 

vacuum  pressure 

thermal  conductivity  sensor 

fluid  type 

accelerometer 

acceleration 

thermal  properties  sensor 

material  properties 

Microcalorimeter 

The  microcalorimeter  measures  the  heat  that  is  developed 
during  chemical  reactions.  Bataillard  describes  various 
applications  [3],  You  can  create  a  chemical  reaction  between 
two  solutions  in  the  reaction  volume  of  the  sensor  (near  the 
active  area  of  the  thermal  sensor)  by  supplying  them  to  this 
volume  via  two  tubes.  Alternatively,  you  can  immobilize  a 
catalyst  or  enzyme  on  the  active  area  of  the  microcalorimeter, 
which  will  initiate  the  chemical  reaction  once  the  (single) 
solution  comes  into  contact  with  it,  see  Fig.  2.  This  setup 
ensures  that  the  transfer  of  reaction  heat  to  the  sensor  is 
optimized.  It  is  even  possible  to  measure  the  heat  of  micro¬ 
organisms  such  as  bacteria  immobilized  near  the  active  area  of 
the  microcalorimeter.  In  this  way,  the  heat  produced  by  the 
bacteria  (of  the  order  of  1  pW  per  bacteria)  can  be  a  measure 
for  the  concentration  of  nutrients  in  the  solution,  such  as 
glucose,  or  of  the  growth  rate  of  bacteria  or  the  influence  of 
farmaceuticals  when  sufficient  glucose  is  present. 
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liquid  channels  connectors  for  tubes 


zero-force  connector  chip  with  enzyme  layer 


Figure  2:  Cross  section  of  a  liquid  micro-calorimeter  chip  with 
enzyme  coating  in  PGA  ceramic  housing,  clamped  between  an 
aluminum  heat-sink  block  with  liquid  channels,  and  a 
connector  [4]. 

Psychrometer 

In  this  sensor  the  relative  humidity  of  air  is  detected  by 
measuring  the  psychrometric  temperature  depression  AFpsych  of 
a  wetted  thermometer  as  a  result  of  evaporation.  This  sensor  is 
therefore  based  on  a  physical  phase  transition  (see,  for 
instance,  [5]  for  more  details). 

Infrared  Sensor 

From  the  transduction  point  of  view  this  is  a  fairly  simple 
sensor.  The  transduction  from  radiation  to  heat  is  carried  out 
by  a  black  absorber,  which  can  have  an  efficiency  up  to  99%. 
The  first  transduction  step  from  incident  radiation  density  PMinc 
(in  W/m2)  to  thermal  power  P  is 

P  =  QP"in  c 

£?  =  a^D  Tfijtep 

The  absorptivity  a  is  between  0  and  1,  and  denotes  the 
fraction  of  infrared  radiation  power  which  is  absorbed  by  the 
black  coating.  Various  types  of  black  coatings  are  used  for 
silicon  infrared  sensors.  A  simple  and  efficient  method  is  to 
use  the  silicon  oxide  and  silicon  nitride  layers  present  in  all 
semiconductor  production  processes,  for  which  Lenggenhager 
[6]  found  an  absorption  on  the  order  of  50%  for  radiation 
wavelengths  of  7-14  pm.  Porous  metal  coatings  such  as  gold 
black  are  used  to  fabricate  very  black  layers,  absorbing  more 
than  99%  of  radiation  over  the  entire  infrared  spectrum.  The 
method  used  at  Xensor  Integration  is  to  spin-coated  the 
sensor-wafers  by  a  black  polymer.  This  layer  is  patterned  just 
like  any  other  thin  film  on  silicon,  and  will  withstand  further 
processing  of  the  wafer.  This  is  in  contrast  to  coatings  such  as 
gold  black,  which  are  very  vulnerable  and  cannot  be  handled 
once  they  are  applied. 

Ad  is  the  sensitive  area  of  the  sensor  (usually  the  area  that  is 
coated  black),  while  Tfiiter  is  the  transmission  of  the  filter  that  is 


usually  incorporated  in  the  encapsulation  of  the  sensitive 
element  of  the  sensor.  This  filter  can  be  broadband, 
transmitting  infrared  radiation  with  wavelengths  between  2-14 
pm.  This  can  be  used  for  an  application  such  as  non-contact 
temperature  measurement,  which  is  a  big  market  for 
thermoelectric  infrared  sensors.  It  can  be  high-pass,  7-14  pm, 
for  detection  of  objects  at  room  temperature  emitting  radiation 
at  wavelengths  at  typically  10  pm  (intrusion  alarm).  An 
interesting  application  is  in  the  game  saver  (of  Xensor 
Integration  and  Terra  Care),  a  fast  IR  sensor  with  amplifier 
used  to  detect  bird’s  nests  in  the  mowing  field.  When  mowing, 
on-line  detection  allows  temporary  lifting  of  the  mowing 
apparatus,  thus  saving  the  nest  (see  Fig.  3). 


Figure  3:  Infrared-sensor  based  game  saver  (Terra  Care  & 
Xensor  Integration),  which  detects  the  heat  of  game  or  bird’s 
nests  in  the  mowing  field  during  the  mowing. 


The  filter  can  also  be  band-pass,  transmitting,  for  instance, 
radiation  at  a  wavelength  which  is  in  the  absorption  band  of  a 
gas.  In  this  way,  a  gas  sensor  can  be  constructed  in  which  the 
radiation  intensity  is  measured  in  a  reference  path  and  a  path 
where  the  gas  mixture  under  investigation  is  present.  The 
difference  in  intensity  is  due  to  the  presence  of  radiation¬ 
absorbing  gas.  This  method  is  used,  especially,  for  C02  and 
CO,  since  few  other  good  methods  exist  to  detect  CO2. 

RMS  converter  and  EM-fleld  sensor 

These  devices  are  used  to  perform  a  calorimetric  measurement 
of  the  power  of  AC-electric  signals  [7]  and  EM-fields  [8]  by 
dissipating  the  electrical  and  electro-magnetic  signals  in  a 
resistor  or  a  wave-guide  termination.  RMS-convertors  are 
important  in  precision  AC-measurements,  and  a  very  nice 
example  is  the  AC-DC  RMS  converter  developed  by  Fluke, 
based  on  micro-structures  made  in  standard  IC-technology,  in 
which  bipolar  transistors  act  as  temperature  sensors, 
suspended  in  mid-air  by  their  aluminum  connection  wires  (see 
Fig.  4).  Here,  the  reasonable  sensitivity  of  a  transistor  (2 
mV/K)  combined  with  only  a  few  connection  wires  to  the 
ambient  make  a  good  thermal  design  [9]. 
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Figure  4:  Scanning  electron  micrograph  of  the  transistor- 
sensed  thermal  converter,  showing  the  two  islands  [9]  (photo 
courtesy  of  John  Fluke  Mfg.Co.Inc.,  Everett,  WA  38206, 
USA). 

Flow  sensor 

Flow  sensors  are  based  on  the  transfer  of  heat  to  moving 
fluids.  This  effectively  increases  the  overall  thermal 
conductance  between  sensor  and  ambient.  For  flow  sensors  the 
physics  of  the  second  and  third  step  in  the  transduction  process 
are  just  as  simple  as  for  all  thermal  sensors,  but  the  similarity 
ends  here.  The  physics  of  the  first  transduction  step,  from  flow 
to  thermal,  and  also  the  encapsulation  of  the  sensor,  are  both 
much  more  complicated  than  for  most  other  sensors. 


Figure  5:  Integrated  thermal  wind  flow  sensor  made  of  a 
silicon  membrane  suspended  by  four  narrow  silicon  beams 
[10]. 


What  is  more,  the  encapsulation  has  a  great  influence  on  the 
first  transduction  step,  because  it  influences  the  type  of  flow. 
There  is  laminar  flow  when  the  fluid  flows  along  straight  flow 
lines,  and  turbulent  flow  when  fluid  flows  in  irregular  patterns 
and  the  local  flow  direction  has  no  direct  link  with  the  average 
flow  direction.  In  microstructures  laminar  flow  is  often 


encountered,  although  for  thermal  windmeters,  microturbulent 
flow  is  also  encountered  (see  [5],  Par.  7.4).  The  dependence  of 
the  heat  transfer  on  flow  velocity  is  different  for  laminar  and 
turbulent  flow.  Fig.  5  shows  an  experimental  wind  flow  sensor 
of  Delft  University  [10].  Flow  sensors  are  the  most  difficult 
thermal  sensors  that  exist.  At  the  same  time,  they  are 
commercially,  together  with  infrared  sensors,  the  most 
requested  sensors.  The  fields  of  applications  for  flow  sensors 
are  too  numerous  to  mention.  However,  because  there  has  to 
be  a  thermal  interaction  between  sensor  and  flow,  thin-film 
versions  of  flow  sensors  are  applicable  only  in  well-controlled 
and  favorable  conditions.  Honeywell  [11]  has  succeeded  in 
making  such  a  thin  film  flow  sensor,  shown  in  Fig.  6. 
However,  many  industrial  applications  require  more  robust 
technologies. 


Figure  6:  The  double-bridge  thermal  mass  flow  sensor  made 
by  Honeywell  [11]. 

Vacuum  sensor  and  Conductivity  sensor 

This  sensor  measures  gas  pressures  below  atmospheric 
pressure  by  measuring  the  pressure-dependent  thermal 
conductivity  of  gases  [12],  [13].  At  very  low  pressures,  when 
the  mean  distance  between  collisions  of  molecules  is  much 
larger  than  the  distance  between  two  surfaces,  heat  transfer 
between  the  surfaces  is  by  individual  molecules;  and  the  rate 
of  heat  transfer  is  therefore  proportional  to  the  rate  with  which 
molecules  hit  the  surface,  which  is  the  absolute  pressure.  At 
higher  pressures  (atmospheric  for  surfaces  500  pm  apart,  but 
very  high  pressures  for  surface  micromachined  devices  [14]), 
molecules  transfer  their  heat  not  from  surface  to  surface,  but 
by  collisions  among  themselves.  Doubling  the  pressure  will 
double  the  number  of  molecules  transferring  heat,  but  the 
distance  over  which  they  transport  the  heat  (the  mean  free  path 
between  collisions)  is  halved,  and  the  thermal  conductivity  of 
the  gas  is  now  independent  of  pressure.  This  can  be  seen  in 
Fig.  7. 

The  conductivity  sensor  is  similar  to  the  vacuum  sensor,  since 
it  measures  the  thermal  conductance  of  the  gas  enveloping  the 
sensor.  However,  in  this  case  the  conductance  does  not  depend 
upon  the  pressure,  but,  at  atmospheric  pressure,  upon  the  gas 
type  (or  liquid  type)  instead,  since  all  gases  have  different 
thermal  conductivities.  For  instance,  for  air  the  thermal 
conductivity  is  k=26  mW/Km  at  room  temperature;  hydrogen 
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has  the  highest  conductivity  at  more  than  180  mW/Km;  for 
helium  it  is  about  150  mW/Km;  while  gases  such  as  argon  (18 
mW/Km)  and  xenon  (6  mW/Km)  are  even  less  conductive 
than  air.  The  pressure  dependence  for  low  pressures,  and  the 
gas  type  dependence  at  atmospheric  pressure  is  nicely 
illustrated  by  the  thermal  conductance  experienced  by  a 
thermal  sensor  at  various  ambients  and  pressures,  see  Fig.  7. 


Figure  7:  Output  of  a  floating-membrane  thermal  conductivity 
sensor  versus  pressure  for  three  different  gases. 

Mechanical  Sensors 

In  mechanical  thermal  sensors  such  as  the  accelerometer,  the 
mechanical  signal  (acceleration)  is  converted  into  force  F  by 
means  of  a  seismic  mass  m  and  a  closed  membrane. 
Subsequently  the  force  is  converted  into  a  gap  size  (change)  D 
by  means  of  mechanical  springs  with  spring  constant  K  (using 
damping  characteristics  of  the  enveloping  gas  to  obtain  the 
proper  frequency  behavior).  Finally,  the  gap  size  is  transduced 
into  a  temperature  difference  by  the  thermal  conductance  of 
the  gas  in  the  gap,  see  Fig.  8. 


Figure  8:  Exploded  view  of  a  thermal  accelerometer,  with 
indicated  the  heat  flows  in  the  membrane,  down  to  the 
housing,  and  the  signal-heat  flow  Pgap  in  the  acceleration- 
dependent  gap  to  the  seismic  mass. 

The  physical  principle  of  the  thermal  accelerometer  does  not 
differ  much  from  that  of  the  capacitive  accelerometer.  The  gap 


distance  is  now  measured  thermally,  instead  of  capacitively 
[15].  However,  the  thermal  accelerometer  is  much  younger, 
and  therefore  its  commercial  potential  is  still  unknown. 

Thermal  properties  sensor 

Thermal  sensor  structures  can  also  be  used  to  measure  the 
thermal  properties  of  thin  films  and  of  the  sensor  materials 
themselves.  In  general,  an  absolute  measurement  is  made  of 
the  thermal  resistance  and  the  thermal  time  constants  of  a 
certain  structure.  With  the  modem  micromachined  structures 
such  as  the  floating  membrane  or  cantilever  beam, 
measurements  have  become  relatively  simple.  Figure  9  shows 
a  structure  where  a  silicon  island  containing  bipolar  transistors 
is  suspended  in  a  closed  silicon-nitride  membrane,  a  variation 
on  the  floating-membrane  structure  [16].  A  similar  technology 
arrives  at  several  isolated  p-type  mono-silicon  thermopile 
strips  suspended  underneath  a  dielectric?  membrane,  isolated 
from  each  other  by  ECE-etch  removal  of  any  silicon  between 
the  strips  [17]. 


Figure  9:  SEM  photograph  of  a  thermal  properties  sensor 
consisting  of  a  silicon  island  suspended  in  a  silicon  nitride 
closed  membrane  (Photo  courtesy  of  DIMES,  Delft 
University). 

The  measurements  are  performed  in  vacuum,  so  that  only 
conduction  in  the  solid  material  adds  to  the  measured 
conductances  (radiation  effects  are  usually  not  significant  in 
size).  In  this  way,  the  thermal  conductance  k  and  capacitance 
cp  of  various  materials  has  been  determined,  see  Table  3  ([5], 

p.  288;  [16],  [18]). 


Table3:  Typical  thermal  properties  of  freqeuntly  encountered 
materials  in  thermal  sensors. 


Material 

conductivity 

(W/Km) 

capacitance 

(J/kgK) 

silicon  (mono) 

150 

700 

silicon  dioxide  (thermal) 

VA 

730 

Si-nitride  (low-stres  LPCVD) 

3 

700 

polysilicon 

*30 

770 

aluminum(/l%Si) 

*200 
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IV  THERMAL  STRUCTURES 
Heat  Transfer  Mechanisms 

In  most  thermal  power  sensors,  the  heat  is  generated  in  or  on 
the  active  area  of  the  sensor  itself,  and  the  transduction  takes 
place  in  or  on  the  sensor  itself.  In  some,  the  transport  of  the 
non-thermal  power  to  the  sensor  involves  heat  transfer 
mechanisms.  In  thermal  conductance  sensors,  on  the  other 
hand,  the  non-thermal  signal  influences  the  thermal 
conductance  of  the  sensor  to  the  ambient  directly  around  the 
sensor,  instead  of  acting  on  the  sensor  itself.  Here,  heat 
transfer  mechanisms  are  always  essential  to  the  operation  of 
the  sensor.  There  are  four  heat  transfer  mechanisms  [19], 
listed  in  Table  2,  together  with  an  indication  of  their 
magnitude.  Usually,  conduction  and  convection  are  more 
significant  than  radiation  (and  phase  transition). 


Table  2  Overview  of  heat  transfer  mechanisms  and  their 
magnitude  for  a  500  jam  dimension  typical  of  microsensors. 


Effect 

W/Km2 

Remarks 

Radiation 

between  black  surfaces 

6 

at  room  temperature 

500 

at  1000°C 

Conduction 

between  surfaces  500  jam  apart: 

-  air  at  vacuum 

1 

1  Pa  pressure 

-  air 

50 

atmospheric  pressure 

-  water 

1  200 

-  silicon 

300  000 

Convection 

for  sensors  500  jam  long: 

-  free  convection 

- 

often  negligible  in 
micro  structures 

-  forced  convection  air 

150 

1  m/s  flow 

-  forced  convection  water 

15  000 

1  m/s  flow 

Phase  transition 

temperature  difference  not  required  for  the  phase  transition 

heat  transfer  to  occur,  so 

no  heat  transfer  coefficient  can  be 

given. 

Conduction  is  always  present,  but  in  thermal  conductance 
sensors  the  first  transduction  step  can  be  based  on  it,  through 
the  thermal  conduction  Gcond  between  the  active  area  of  the 
sensor  and  the  ambient.  The  thermal  conductance  between  two 
parallel  surfaces  of  area  A  at  distance  D  can  be  described  by 

Gcond  =  K  A/D 


where  k  is  the  thermal  conductivity  of  the  medium  present 
between  the  surfaces.  The  sensor  action  may  be  based  on  the 
dependence  of  the  physical  signal 

on  k  (pressure  dependence:  vacuum  sensor/Pirani 
gauge;  fluid-type  dependence:  thermal  conductivity 
and  overflow  sensor), 

on  D  (plate-spacing  dependence:  accelerometer),  or 
on  all  three  parameters  k,  D  and  A  (thermal  properties 
sensor). 

Convection,  the  second  mechanism  for  thermal  conductance 
sensors,  is  heat  transfer  to  moving  fluids,  as  in  flow  sensors. 
Usually  convection  is  not  relevant  in  other  sensors  than  flow 
sensors.  The  sensor  action  can  be  based  on  the  flow  velocity 
dependence  of  the  Reynolds  number  (as  in  flow  sensors),  and 
in  rare  cases  on  the  pressure  dependence  of  the  viscosity  and 
the  conductivity,  also  constituents  of  the  Reynolds  number  (as 
in  some  Pirani  gauges  for  vacuum  measurement  near 
atmospheric  pressure). 

Radiation  is  transfer  of  heat  by  means  of  electromagnetic 
waves,  either  as  infrared  radiation  (thermal  radiation),  or  in 
other  forms,  such  as  microwaves  or  magnetic  fields  which 
generate  heat  in  a  dissipative  layer  (hysteresis  in  a  magnetic 
layer,  for  instance).  It  is  a  self-generating  effect,  and  therefore 
the  basis  of  a  thermal  power  sensor.  The  heat  transfer  between 
parallel  plates,  which,  for  both  plates  around  room 
temperature,  is  equal  to 

Gir  =  s  x  6  W/m2K 

where  8  is  the  emissivity  or  absorptivity  of  the  plate  (one  plate 
is  assumed  to  be  black  with  emissivity  s  =  1).  All  materials 
emit  infrared  radiation,  but  usually  that  does  not  contribute 
significantly  to  the  heat  exchange  of  a  thermal  sensor  with  the 
ambient. 

Phase  transition  is  the  last  mechanism  of  heat  transfer.  Here 
we  can  think,  for  instance,  of  the  heat  generated  by 
evaporation.  Phase  transitions  are  often  encouraged  by  forced 
convection  though,  which  influences  the  thermal  conductance. 
Still,  this  is  also  a  self-generating  effect.  Just  like  radiation, 
phase  transitions  generate  their  own  thermal  power  (be  it 
negative  or  positive).  A  peculiarity  of  heat  transfer  by  phase 
transition  is  that  in  some  situations  heat  can  be  transferred 
from  a  cold  to  a  hot  object,  where  normally  heat  flows  from  a 
hot  to  a  cold  object. 

Design  and  technology  of  thermal  structures 

An  important  step  in  the  thermal  sensor  transduction  sequence 
is  the  conversion  in  the  thermal  domain.  Optimisation  of  this 
step  requires  optimisation  of  the  thermal  structure  of  the 
sensor.  Thin-film  sensor  technology  is  often  based  on  silicon 
technology,  combining  standard  IC  processing  technology  and 
additions  of  thin  film  technology  to  obtain  advanced  sensor 
technology.  Sensors  based  on  other  technology  are  also 
reported,  such  as  micro-calorimeters  using  thin  films  on  mica. 
Silicon  technology  is  based  on  silicon  substrates  with 
amazingly  good  thermal  conduction,  which  usually  leads  to 
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thermal  sensors  with  insignificant  sensitivity  and  significant 
interference  from  thermal  conduction  paths  to  the  ambient,  if 
no  measures  are  taken.  So,  designing  thermal  sensors  almost 
always  involves  micro-machining  of  silicon.  For  thermal 
power  sensors,  the  idea  is  to  create  an  active  area  where  the 
heat  of  the  non-thermal  process  is  induced  (such  as  the  area 
with  the  black  absorber  of  an  infrared  radiation  sensor),  give  it 
the  optimum  size  while  maximising  the  thermal  isolation  with 
respect  to  the  ambient.  For  thermal  conductance  sensors  the 
same  idea  applies,  since  the  change  in  the  external  thermal 
conductance  can  best  be  measured  by  a  sensor  with  negligible 
internal  thermal  conductance.  Because  of  this,  there  are  really 
only  a  few  thermal  structures  relevant,  and  designing  thermal 
sensors  can  be  brought  back  to  the  design  of  a  few  relevant 
structures.  For  instance,  infrared  sensors  and  micro¬ 
calorimeters  both  require  very  good  thermal  isolation  and  a 
large  active  area.  On  the  other  hand,  RMS  converters  and 
properties  sensors  do  not  require  a  large  active  area  (a  simple 
heating  resistor  will  do)  not  a  good  thermal  isolation,  since 
they  are  modulating  sensors,  where  optimum  transfer  in  terms 
of  Volts  per  Watt  is  less  important.  Flow  sensors  are  in 
between,  they  require  a  large  active  area  to  sense  the  flow,  but 
thermal  isolation  is  again  less  important  if  sufficient  heating 
power  is  present.  Vacuum  sensors  are  more  sensitive  to  good 
thermal  isolation.  Finally,  devices  such  as  flow  sensors  and 
micro-calorimeters  working  with  liquids  do  not  require  very 
good  thermal  isoltaion. 

Concluding,  thermal  sensor  design  requires  making  an  active 
area  of  the  required  size,  with  the  required  thermal  isolation. 
When  using  silicon  technology  for  micromachining,  we  have 
three  major  choices  to  design  the  thermal  isolation  [20]: 
back-side  bulk  micro-machining  (BMM) 
front-side  bulk  micro-machining  (FMM) 
surface  micro-machining  (SMM) 

These  alternatives  are  presented  schematically  in  Fig.  10. 


Figure  10:  Three  micro-machining  techniques  in  silicon  sensor 
technology:  from  top  to  bottom:  a  cantilever  beam  fabricated 
by  back-side  bulk,  front-side  bulk  and  surface  micromaching. 

As  can  be  seen,  the  size  of  devices  in  back-side 
micromachining  is  nearly  unlimited.  The  micro-calorimeters 
shown  in  Fig.  11  have  a  (0.5  pm  thick  silicon-nitride) 


membrane  of  8. 5x8. 5  mm.  To  obtain  this,  the  device  is  10x10 
mm  large.  Using  front-side  micromachining  reduces  the  device 
size,  since  the  etch  cavity  slopes  inwards  instead  of  outwards. 
This  is  especially  attractive  for  small  devices.  Moreover,  large 
devices  are  more  difficult  to  fabricate  because  the  anisotropic 
nature  of  the  etching  (indicated  by  the  55°  edge  of  the  etch 
cavities)  makes  underetching  of  cantilever  beams  more 
difficult. 


Figure  1 1 :  Photograph  of  a  dual  micro-calorimeter  for  nuclear 
experiments,  containing  a  silicon  island  suspended  in  a  silicon 
nitride  membrane,  with  polysilicon  thermopiles  from  four 
sides.  The  sensors  are  mounted  on  a  ceramic  carrier  with 
venting  holes  (Xensor  Integration  &  IRI,  Delft  University). 

Front  side  micromachined  devices  are  usually  smaller  than 
back  side  machined  devices.  This  can  be  seen  in  the  SEM  of 
such  a  structure  shown  in  Fig.  12.  Alignment  of  such  devices 
is  easier  since  all  layers  are  on  the  same  side. 


Figure  12:  Front-side  bulk  micro-machined  structure  with  a 
free  hanging  membrane  suspended  by  four  beams,  featuring 
double  metallisation  on  LPCVD  low-stress  SiN.  The  bars  on 
the  bottom  indicate  100  pm  (photo  courtesy  of  DIMES,  Delft 
University,  [21]). 
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Surface  micro-machined  structures  also  have  all  layers  at  the 
front  side.  The  size  of  these  kind  of  structures  is  limited  only 
by  the  design,  and  the  control  over  tensile  and  compressive 
stresses  of  the  structures.  However,  the  vertical  dimension  of 
the  separation  between  beams  and  substrate  is  limited  to  only 
one  or  two  micrometers.  For  thermal  sensors  this  technology  is 
mainly  interesting  to  devices  being  operated  in  a  very  good 
vacuum  (below  1  mPa)  such  as  the  surface  micromachined 
bolometer  array  developed  at  the  National  Optics  Institute  in 
Quebec,  Canada  [22],  or  to  vacuum  sensors,  where  the  small 
gap  results  in  a  very  good  range  (well  up  to  atmospheric 
pressure  [14]). 

V  TEMPERATURE  SENSORS 

Apart  from  the  technology  to  achieve  a  thermal  isolation,  the 
choice  for  the  sensing  elements  is  also  important,  and 
influences  both  thermal  structure  and  technology.  In  particular, 
devices  can  be  based  upon  mono-silicon  devices  such  as 
bipolar  or  CMOS  transistors,  resistors,  thermopiles  or  even 
more  complicated  circuits.  Or  you  can  use  thin  film  structures 
using  silicon  as  substrate.  In  those  cases,  the  micro-structures 
are  often  based  on  oxide  or  nitride  membranes  carrying  the 
thin-film  sensing  devices.  Here,  poly-silicon  resistors  and 
thennopiles  are  very  common  for  thermal  sensors,  since  they 
can  be  made  using  standard  (CMOS  or  bipolar)  processing. 
But  also  more  efficient  thermoelectric  materials  such  as 
Bismuth-Telluride  compounds  are  being  used  [23],  be  it  that 
they  are  not  standard,  and  are  less  easily  combined  with 
electronics.  In  general,  the  choice  for  thermoelectric  devices  to 
measure  the  temperature  differences  in  a  thermal  sensor  is  not 
at  all  trivial.  Many  sensors  use  resistors,  with  their  convenient 
bridges  of  Wheatstone.  In  the  case  of  modulating  sensors, 
there  is  offset  anyway,  and  thermopiles  do  not  offer  that  many 
advantages  as  in  the  case  of  self-generating  sensors.  For  self¬ 
generating  sensors  such  as  infrared  sensors  and  micro- 
calorimeters,  efficient  thermopiles  can  be  quite  attractive  to 
maximise  performance.  Here,  new  technologies  to  obtain  very 
high  figure  of  merit  materials  are  promising. 


VI  DISCUSSION 

Many  thermal  sensors  have  been  devised  so  far.  Some  of  them 
are  already  very  commercialized  (such  as  infrared  sensors  for 
intmsion  alarms),  others  are  stil  very  novel  (accelerometer),  or 
not  even  fabricated  in  silicon  technology-  (psychrometer). 
Interesting  also  is  the  great  difference  that  exists  in  the 
applicability  of  various  thermal  sensors.  Infrared  sensors  are 
very  simple  devices  because  they  can  be  hermetically  sealed 
during  encapsulation.  The  same  applies  to  RMS  converters, 
which  are  also  becoming  more  and  more  popular  in 
semiconductor  versions.  For  flow  sensors,  the  story  is 
different.  Research  on  semiconductor  flow  sensors  has  by  now 
become  very  impressive,  but  the  difficulties  encountered  by 
encapsulation  and  its  influence  on  the  sensor  make  the 
commercial  success  of  a  semiconductor  version  of  this  sensor 
still  insignificant. 


Another  impediment  to  commercial  success  for  thermal 
sensors  is  the  scarcety  of  foundries  capable  and  willing  to 
fabricate  such  devices  on  a  commercial  basis,  even  if  the 
numbers  are  not  so  large.  Especially  in  Europe,  where 
foundries  for  single  steps  are  less  common  than  in  silicon 
valley,  having  your  devices  made  can  be  difficult.  But  here, 
the  work  of  the  group  of  Prof.  Baltes  of  Zurich,  using 
standard  CMOS  foundries  to  make  thermal  sensors  [24],  [25], 
is  quite  interesting  and  opens  up  the  way  to  new  applications. 
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Abstract 

General  situation  with  thermoelectric  cooling  at 
temperatures  below  200  K  is  discussed.  The  problem  of 
optimization  of  (Bi,Sb)2(Te,Se)3  -  based  thermoelectrics  for 
operation  in  this  temperature  range  is  distinguished  as  the 
actual  one  especially  in  connection  with  a  possible  practical 
application  of  high-temperature  superconductors.  Then 
detailed  results  of  the  first  systematic  study  of  n-type 
Bi2Te3.x.ySexSy  and  p-type  Bi2.xSbxTe3.ySey  are  presented.  The 
composition  of  solid  solutions  and  the  current  carrier 
concentration  were  optimized.  Thermopower,  electrical  and 
thermal  conductivity  were  measured  at  80-350  K,  and 
thermoelectric  figure  of  merit  was  calculated.  Figure  of  merit 
for  both  type  materials  was  increased  significantly  for  the 
temperatures  near  100-150  K.  These  optimized  materials 
were  used  for  the  fabrication  of  the  special  low-temperature 
thermoelectric  modules.  These  modules  were  tested,  and 
temperature  130  K  and  124  K  on  the  cold  junction  of  2  types 
of  6-stages  coolers  was  achieved. 


Introduction:  On  cooling  at  T<200  K. 

This  report  is  based  on  a  cycle  of  investigations  carried  out 
by  the  Laboratory  for  Physics  of  Thermoelements  of  Ioffe 
Institute  during  last  decade.  It  contains  more  detailed  data 
than  that  published  earlier. 

First  of  all  we  would  like  to  explain  why  we  consider  a 
temperature  range  below  200  K  as  a  special  subject  at  a  study 
of  thermoelectric  cooling. 

Absolute  majority  of  thermoelectric  coolers  operate  today 
near  the  room  temperature  in  range  Troom±  few  tens  degrees 
centigrade.  This  is  why  thermoelectric  properties  and  figure 
of  merit  of  thermoelectrics  used  are  studied  in  detail  in  this 
temperature  interval.  The  best  modem  (Bi,Sb)2(Te,Se)3  - 
based  materials  are  characterized  by  figure  of  merit  value  Z  = 
(3  -  3.2)- 10'3  K1  at  Troom.  The  value  of  ATinax  is  (68-70)  K  for 
a  thermoelement  fabricated  from  these  materials.  Deeper 
cooling  is  produced  by  multistage  cascade  modules.  ATnux  up 
to  approximately  140  K  is  proclaimed  for  them.  We  have  no 
information  on  conditions  at  which  they  are  used  really. 

We  can  suggest  however: 

1.  Their  hot  junctions  are  at  temperature  not  lower  than 

Troom? 

2.  Many  of  them  have  not-zero  heat  load,  and,  respectively,, 
their  real  AT  is  significantly  less  than  ATmax. 


These  mean  that  thermoelectrics  of  multistage  modules 
operate  really  at  T>200  K.  One  can  suppose  that  such  a 
situation  is  a  reason  why  the  thermoelectric  properties  of 
(Bi,Sb)2(Te,Se)3  -  based  materials  are  studied  much  less  at 
T<200  K  than  at  higher  temperatures.  We  don't  know  any 
detailed,  systematic  study  of  these  materials  at  T<200  K 
which  could  allow  to  optimize  their  properties  for  usage  at 
these  temperatures. 


Temperature,  K 

Fig.1.  Temperature  dependence  of  thermoelectric 
figure  of  merit  Z  for  standard  (Bi,Sb)2(Te,Se)3- 
based  thermoelectrics  (1:  p-type,  2:  n-type)  and 
n-type  Bi0  85Sb015  alloy  (3) 


A  real  impulse  for  initiating  of  investigations  at  T<200  K  was 
given  by  the  discovery  of  superconductors  with  high  critical 
temperature  Tc  (HTCS).  After  the  discovery  of  yttrium-  and 
bismuth-type  HTCS  with  Tc  near  100  K  there  existed  during 
several  years  a  great  hope  to  achieve  soon  higher  Tc.  This 
would  open  a  possibility  to  cool  a  HTCS-object  to  T<TC 
without  file  usage  of  liquid  nitrogen.  It  is  natural  to  consider 
thermoelectric  cooling  among  other  alternative  methods  of 
cooling.  But  as  to  thermoelectric  method  it  has  a  special 
feature  which  can  be  important  at  control  of  HTCS-devices: 
thermoelement  is  a  heat  pump,  electrically  controled.  It 
allows  to  change  temperature  in  the  range  TC±AT  by  means  of 
simple  change  of  current  direction  through  a  cooler.  Of 
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course,  in  order  to  realize  an  effective  cooler  one  should  have 
thermoelectrics  effective  enough  in  operating  temperature 
range. 

What  did  one  know  on  efficiency  of  thermoelectrics  10  years 
ago?  On  Fig.  1  a  general  information  of  that  time  is  presented. 
Curves  1  and  2  show  the  figure  of  merit  for  the  real  standard 
(Bi,Sb)2(Te,Se)3  -  based  materials  which  are  optimized  for 
usage  near  Tro0m.  One  can  see  that  Z  falls  rapidly  with 
lowering  of  temperature  and  has  low  values  near  100  K.  On 
the  contrary,  Z  of  Bi-Sb  alloy  rises  with  temperature  fall  and 
achieves  very  good  value  at  T=100  K.  But  there  exists  only  n- 
type  material,  and  it  could  be  used  practically  with  a  bad  p- 
type  leg  from  (Bi,Sb)2(Te,Se)3  -  standard  material  only. 
Therefore  one  could  formulate  on  that  moment  the  next 
directions  of  investigation  for  improvement  of  situation  with 
low-temperature  cooling: 

1.  Search  for  new  thermoelectrics  which  would  be  more 
effective  than  the  mentioned  above. 

2.  Usage  of  the  known  thermoelectrics  which  are  better  than 
(B^SbMTejSeh  -  based  materials. 

3.  Optimization  of  (Bi,Sb)2(Te,Se)3  -  based  materials  for 
low-temperature  application. 

4.  Usage  of  Bi-Sb  alloys  as  a  n-type  leg  in  combination  with 
a  thermoelectrically  passive  leg  of  HTCS  material. 

According  to  our  information  there  were  no  fruitful  ideas  10 
years  ago  in  the  direction  1,  this  is  why  we  didn't  attempt  to 
work  in  this  direction.  As  for  the  direction  2,  it  was  indicated 
above  that  only  n-Bi-Sb  alloys  are  known  as  the  more 
effective  material.  For  their  practical  usage  one  needs  to  have 
an  effective  enough  p-leg.  Two  ways  would  be  possible  for 
work  in  this  direction:  to  develop  effective  p-type  Bi-Sb  leg, 
and  to  improve  significantly  p-(Bi,Sb)2(Te,Se)3  -  based 
materials  for  the  low  temperatures.  As  to  p-Bi-Sb,  an  opinion 
predominates  now  that,  if  not  principally,  but  practically  it  is 
impossible  to  create  p-type  conductivity  in  these  alloys.  A 
goal  of  improvement  of  p-(Bi,Sb)2(Te,Se)3  -  based  materials 
coincides  with  the  goal  of  the  direction  3  of  our  list  to 
optimize  (Bi,Sb)2(Te,Se)3  -  based  thermoelectrics  for  low- 
temperature  application.  This  topic  was  the  subject  of  the 
Laboratory  activity  in  the  last  decade  and  it  is  a  base  for  this 
report.  At  last,  the  direction  4:  thermoelement  of  n-Bi-Sb  and 
thermoelectrically  passive  superconducting  leg  was  realized 
successfully  at  the  Laboratory.  This  subject  was  reported  at 
the  preceding  international  conferences  on  thermoelectrics 
and  in  «CRC  Handbook  on  Thermoelectrics»  [1,2, 3], 


Methods  and  results  of  optimization 

For  preparation  of  crystals  a  method  of  the  directional 
crystallization  (zone  levelling)  was  used  under  the  conditions 
which  prevent  concentration  supercooling.  The  growth 
installation  was  of  a  laboratory  scale,  the  diameter  of  crystal 
rod  is  10  mm,  and  the  length  is  about  150  mm.  The  rates  of 
crystallization  were  at  the  most  0.5  mm/min  and  the 
temperature  gradient  at  the  crystallization  front  was  at  the 
most  200  K/cm.  The  cleavage  planes  in  the  rods  were 


oriented  along  the  crystallization  axis  and  block-crystalline 
structure  of  the  rods  allowed  to  cutout  (by  electric  spark 
cutting)  single  crystal  samples  for  studying  file  anisotropy  of 
thermoelectric  properties.  Samples  for  measurement  of 
thermopower,  electrical  and  thermal  conductivity  were 
cylinders  of  10  mm  in  diameter  and  10-12  mm  length. 

A  possibility  of  optimization  of  thermoelectric  properties  of 
(Bi,Sb)2(Te,Se)3-  based  materials  for  effective  operation  in 
the  different  temperature  intervals  is  a  consequence  of  two 
fundamental  results  of  the  theory  of  thermoelectric  energy 
conversion  by  semiconductors  [4],  The  first  establishes  a 
proportionality  between  figure  of  merit  Z  and  so  called 
«material's  parameter))  p  which  includes  microscopic 
parameters  of  a  thermoelectrics: 

ZT  oc  P;  p=constant •  (m7m0)3/2 p- kl_1  T5/2  (1) 

Here  m*  and  u  are  effective  mass  and  mobility  of  current 
carriers,  m0  is  free  electron  mass,  and  kl  is  lattice  thermal 
conductivity.  At  introduction  of  any  dopants  in 
(Bi,Sb)2(Te,Se)3  or  alteration  of  ratio  of  components  of  these 
complicated  compounds  p  can  alter  due  to  alteration  of 
microscopic  parameters  and  kl.  The  second  result  is  that  ZT 
depends  on  current  carriers  density  n.  Therefore  n  should  be 
optimized  for  each  temperature  range. 

Special  feature  of  these  thermoelectrics  is  a  strong 
temperature  dependence  of  Z  with  a  maximum  near  the  room 
temperature  -  see  Fig.l.  At  alteration  of  components  ratio  and 
dopation  this  typical  curve  shifts  up-down  and  to  the  right- 
left.  This  process  was  studied  in  detail  near  the  room 
temperature  for  different  impurities,  different  composition  of 
solid  solution,  and  resulted  in  values  of  Z  which  were 
indicated  here  in  Introduction  and  shown  on  Fig.l.  It  is 
known  for  a  long  time  that  the  curve  Z(T)  can  shifted  to  the 
left  so  that  its  left  slope  will  be  above  than  the  left  slope  of  the 
standard  curves  on  Fig.l.  A  new  example  of  such  a  low- 
temperature  material  one  can  find  in  [5],  But  we  indicated  in 
Introduction  that  there  is  no' systematic  study  of  this  problem. 
This  is  why,  if  one  may  assert  Z=3.2- 10'3  K'1  as  the  best  value 
for  Troom,  he  cannot  call  a  maximum  possible  value  of  Z  for 
temperature  100  K.  So,  we  believe  our  study  is  the  first 
systematic  experiment  on  low-temperature  optimization  of 
(Bi,Sb)2(Te,Se)3  -  based  thermoelectrics. 

As  to  optimal  current  carrier  concentration,  we  didn't  use  an 
introduction  of  chalcogenide  impurities  (CdCl2,  BiBr3,  and  so 
on)  in  n-type  materials  that  could  results  in  decrease  of  low- 
temperature  carrier  mobility.  Extra  stoichiometric  Te 
changes  current  carrier  concentration  too,  and  this  method  of 
optimization  was  used. 

As  to  alteration  of  a  composition  of  solid  solution,  one  should 
operate  in  different  manner  for  n-and  p-type  bismuth- 
antimony  chalcogenides.  Let  us  consider  at  first  n-type 
materials.  Bi2Te3.xSex  solid  solutions  are  the  most  widely  used 
materials  for  n-leg  of  cooling  modules.  Besides  these 
materials,  there  is  information  on  more  complex  solid 
solution  formed  by  substitution  of  atoms  in  both  anion  and 


57 


16th  International  Conference  on  Thermoelectrics  (1997) 


Fig.2.  Dependence  of  (m*lm0f2n  parameter 
on  composition  of  n-Bi,Te  Se  S  solid  solutions. 

2  3-x-y  x-y  y 

T=300  K. 

1  -  (Bi2Tes)1x  -  (Bi2Se3)x; 

2  -  (Bi JeJ^  -  (BijSe^  -  (Bi2S3)y  for  x  =  2y; 

3  -  (Bi2Te3)1x^  -  (Bi2$e3)x  -  (Bi2S3)y  for  x  *  y; 
4-(Bi2Te3)H-(Bi2S3)y. 


Fig .4.  Dependence  of  figure  of  merit  Z 
on  composition  of  n-BI2Te^xySexSy  solid  solutions. 
1  -  BIJe.Se,;  2  -  BI  Je.,.ySe,Sy>  3  -  BIJe.S,. 


Fig. 3.  Dependence  of  lattice  thermal  conductivity 
k,  on  composition  of  n-(Bi2Te3  xySexSy) 
solid  solutions  atT-300  K. 

1  -{BiJ^^-tBi.Se,),; 

2  -  (Bije 3)1xy  -  (Bi2Se3)x  -  (Bi2S3)y  for  x  =  2y; 

3  -  (Bi2Te3)1x.y  -  (Bi2Se3)x  -  (Bi2S3)y  for  x  =  y; 

4-{BI2Te3)1.y-(Bi2S3)y. 

cation  sublattice  of  bismuth  telluride.  These  compounds 
have  high  thermoelectric  efficiency  at  300  K  (b)  as  well  as  at 
lower  temperatures  [5,6].  We  investigated  such  a  complex 
systems  too  but  here  only  thermoelectric  properties  of  the 
next  solid  solution  system  will  be  considered  in  detail: 

B^Tes-x-ySexSy  at  conditions  x=y  and  x=2y,  0<x+y<0.9 

A  value  (m7m0)3/2-p  is  calculated  from  experimental  data  on 
thermoelectric  power  a  and  electrical  conductivity  a 
assuming  acoustic  scattering  is  predominant.  So-called 
scattering  parameter  r  for  acoustic  scattering  mechanism  is 
equal  to  -0.5  (r  is  an  index  of  a  power  in  the  dependence  of 
relaxation  time  t  on  energy:  T=x0-Er).  Fig.2  shows  that  the 


strongest  changes  of  (m7m0)3/2*|a  are  observed  in  the  range 
of  a  small  concentration  of  second  component.  The 
(m7m0)3/2*|i  parameter  decreases  continuously  with  increase 
of  x,y  for  all  considered  n-type  compositions. 

Thermal  conductivity  k  was  measured  on  samples  of  the  same 
compositions  and  concentrations  as  samples  for  electrical 
conductivity  and  thermopower  measurement.  An  electron  part 
of  thermal  conductivity  Kg  was  calculated  in  accordance  with 
Wiedemann-Franz  law  for  scattering  parameter  r=-0.5. 
Lattice  thermal  conductivity  kl  in  the  temperature  range  of 
impurity  conductivity  was  calculated  as  a  difference  between 
a  measured  thermal  conductivity  k  and  its  electron  part 
The  dependences  of  kl  on  composition  of  solid  solution  are 
shown  on  Fig.3.  One  can  see  there  kl  has  a  minimum.  This 
minimum  is  associated  with  the  ordering  owing  to  complete 
substitution  of  Te(2)  atoms  in  the  five-layer  packet  Te(1)-Bi- 
Te(2)-Bi-Te(1)  by  Se  atoms  in  Bi2Te3-xSex  solid  solution.  A 
similar  picture  is  observed  in  Bi2Te3-x_ySexSy  too  where  Te(2) 
sites  are  replaced  by  Se  and  S  atoms. 

It  follows  from  the  above  discussion  that  (m7m0)3/2*p.  and  kl 
decrease  when  molar  concentration  of  the  second  and  third 
components  increases  in  pseudo-binary  or  pseudo-ternary 
solid  solutions  of  Bi2Te3  with  Bi2Se3  and  Bi2S3.  However 
(m7m0)3/2-p  decreases  less  rapidly  than  kl.  This  is  the 
primary  reason  for  the  growth  of  Z  at  300  K:  Fig.4  shows  that 
Z  has  a  maximum  in  Bi2Te3.xSex  for  x=0.3.  When  x  is 
increased  further,  the  thermoelectric  efficiency  falls.  The 
behavior  of  Z  in  other  n-type  solid  solutions  based  on  Bi2Te3 
is,  on  the  whole,  similar  to  that  Bi2Te3_xSex.  However  there  is 
still  some  difference.  According  to  Fig.4  values  of  Z=(3- 
3.1>10'3  K"1  are  attained  at  300  K  with  various 
concentrations  of  the  second  component:  with  y=0.06-F0.1  in 
Bi2Te3.ySy  and  with  x+y=0.24  in  Bi2Te3_x~ySexSy.  A  similar 
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K,  10  2  W  cm 


pattern  is  observed  in  other  solid  solutions,  including 


Fig.6.  Temperature  dependence 
of  thermoelectric  power  a  (curves  1-4) 
and  electrical  conductivity  a  (curves  6-8) 
in  n-  Bi2Te3ySey  solid  solutions 
ys  0.12, 0.3, 0.36  for  curves  1  and  6; 

2  and  6;  3  and  7,  respectively, 
n-  Bi1MSb0  UTe2  64Se0  36  solid  solution 
(curves  4,8). 


Fig.6.  Temperature  dependence 
of  thermal  conductivity  k  (curves  1  -4) 
and  figure  of  merit  Z  (curves  5-8) 
in  n-  Bi2Te3^Sey; 

y=  0.12,  0.3,  0.36  for  curves  1  and  5; 

2  and  6;  3  and  7,  respectively. 
n-Bi,.„Sb012Te2MSe03t  solid  solution 
(curves  4,  8). 

Bi2.zSbzTej.x.ySexSy.  However  the  results  of  our  investigations 
of  these  compositions  are  not  discussed  in  this  paper. 


g  _ , _ f - - , — 

'l00  200  300 

T,  K 

Fig.7.  Temperature  dependence  of  figure 
of  merit  Z  in  standard  (1)  and  optimized  (2) 
n-Bi2TeZ7Sea3  solid  solution. 


Different  isovalent  atom  substitutions  in  the  bismuth 
telluride  sublattices  can  change  the  properties  of  these 
materials  substantially  and  this  would  make  it  possible  to 
extend  the  temperature  range  of  application  of  thermoelectric 
cooling.  We  included  in  this  discussion  some  data  on 
thermoelectric  properties  of  n-type  Bi2.xSbxTe3.ySey  solid 
solution  too.  Here  a  part  of  Bi  atoms  are  substituted  by  Sb: 
x=0.12,  y=0.36.  This  material  attracted  our  attention  because 
it  has  very  good  figure  of  merit  at  300  K:  Z=3. L10 3  K 1  when 
n=l*1019  cm"3.  But  the  same  composition  with  low  current 
carrier  concentration  (optimized  for  lower  temperatures) 
didn't  demonstrate  good  thermoelectric  quality  at  low 
temperatures.  It  may  be  seen  on  Figs.  5  and  6,  where 
temperature  dependences  of  thermopouwer,  electrical  and 
thermal  conductivity,  and  figure  of  merit  are  presented  for 
this  alloy  and  for  some  compositions  of  the  system  BLTes-xSex 
discussed  above. 

Thus  the  best  material  of  n-type  for  low-temperature 
application  among  considered  here  is  Bi2Te27Seo3  with 
carrier  concentration  n=2-1018  cm"3  and  thermopower 
a=300-3 10  jTVK"1  at  the  room  temperature.  Its  figure  of  merit 
is  shown  on  Fig.7  in  comparison  with  data  for  standard 
material  (which  is  the  best  near  Troom) 

Naturally  p-type  alloys  near  the  room  temperature  are  studied 
very  detailed  too.  It  is  ascertained  the  Sb  is  an  acceptor 
impurity  and  the  composition  p-Bio.5Sbt.5Te3  is  the  most 
effective  material  at  this  temperature.  Lead  impurity  increases 
a  current  carrier  concentration  and  efficiency  at  higher 
temperature.  For  usage  at  lower  temperature  one  should 
decrease  concentration.  It  is  possible  to  achieve  this  effect  by 
introduction  of  extra  stoichoimetric  tellurium  as  it  was  made 
with  n-type  material.  But  a  solubility  of  extra  Te  in 
Bio.5Sb1.5Te3  is  limited  This  is  why  one  cannot  diminish  a 
hole  concentration  enough  and  obtain  the  most  effective  low- 
temperature  material  by  this  method. 
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Fig.8.  Temperature  dependence  of  electrical  conductivity 
<t  (a), thermopower  a  (b),  and  thermal  conductivity  k  (c) 
in  p-BI2xSbxTe3ySey  solid  solutions. 

1:  x  =  1.0,  y  =  0.06;  2:  x  =  1.2,  y  =  0.09; 

3:  x  =  1.3,  y  =  0.09;  4:  x  =  1.6,  y  =  0. 


In  order  to  feel  about  a  possible  method  to  solve  this 
problem,  we  analysed  data  of  Stary  et  al  [8]  and  Stordeur  et 
al  [9]  for  alloys  with  reduced  contents  of  Sb  in  p-  Bi2.xSbxTe3 
(0.8<x<1.5).  In  [8]  calculations  were  fulfiled  that  showed  a 
slower  decrease  of  concentration  of  antisite  defects  of  Bi  on 
Te  site  than  Sb  on  the  same  sites  when  x  is  decreased.  This  is 
why  a  decrease  of  Sb  contents  (decrease  of  x)  results  in 
decrease  of  current  carrier  concentration  too.  This  conclusion 
was  confirmed  experimentally  in  [9]  where  thermoelectric 
properties  of  Bi2.xSbxTe3  at  300  K  were  measured  on  single 
crystals.  It  is  possible  to  conclude  from  these  data  that  at 
diminishing  of  x  from  1.5  to  0.8  effective  mass  of  density  of 
states  diminishes  but  mobility  rises.  As  a  result  product 
(m7m0)3/2-|!  remains  constant  approximately  in  the  whole 
interval  of  composition.  As  to  lattice  thermal  conductivity, 
many  researchers  indicated  on  existence  of  a  wide  minimum 
in  kl(x)  dependence  for  Bi2.xSbxTe3  at  0.8<x<1.6  (300  K). 
Thus  p-type  Bi2.xSbxTe3  materials  with  lowered  antimony 
contents  seem  to  be  of  interest  for  a  solution  of  our  problem. 
But  this  conclusion  bases  on  data  for  the  room  temperature. 
For  creation  of  low-temperature  materials  one  should  lower 
their  current  carrier  concentration  optimally:  by  one  order  of 
magnitude  approximately. 

Compositions  with  x=1.3,  1.2,  1.0  were  studied  in  this 
investigation.  For  diminishing  of  hole  concentration  extra 
stoiehoimetrie  Te  was  introduced  but  for  further  diminishing 
a  part  of  Te  was  substituted  by  Se.  According  to  ideas  of 
paper  [8]  this  substitution  increases  a  polarity  of  bonds  and 
decreases,  due  to  this,  a  density  of  antisite  defects.  Thus  the 
combination  Bi2.xSbxTe3.ySey  was  studied  with  y<0.09. 

Fig.  8  shows  results  of  measurement  of  electrical 
conductivity,  thermopower,  and  thermal  conductivity  at  80- 
350  K.  One  can  see  from  Fig.  8b  that  all  samples  at  the  room 
temperature  are  in  mixed  conduction  temperature  range:  a 
thermopower  maximum  is  observed.  Hall  effect  was  measured 
for  all  these  samples  too,  and  evaluation  of  current  carrier 
density  at  220-240  K  (in  range  of  impurity  conduction)  from 
Hall  coefficient  showed  its  minimum  value  (2-3)- 101*  cm'3. 
An  analysis  of  a(T)  and  a(T)  dependences  for  r=-0.5  shows 
the  calculated  angular  coefficients  t  for  these  materials  are 
close  to  that  for  standard  material  with  x=l  .5,  y=0: 

_  ain[(m'/m0)3;2/<] 

*  —  dtaT 


t=-1.3  for  sample  with  x=1.0,  y=0.06. 

Absolute  magnitudes  of  parameter  (m7m0)3/2-p  at  T=240  K 
for  the  same  alloys  with  x<1.5  differ  from  standard  material 
not  more  than  10%.  This  means  the  introduction  of  a  small 
amount  of  Se  in  solid  solution  at  lowered  values  of  x  doesn't 
influence  significantly  charge  carrier  scattering  (doesn't  rise 
it).  But  owing  to  lowered  charge  carrier  density,  these 
materials  are  characterized  by  high  thermopower  values.  This 
results  in  high  values  of  power  factor  a-o2  at  low 
temperatures,  much  more  than  for  standard  composition:  Fig. 
9a. 


t=-l  .5  for  sample  with  x=l  .2,  y=0.09 
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Fig.9.  Temperature  dependence  of  power 
coefficient  a1  a  (a)  and  figure  of  merit  Z  (b) 
in  p-Bi2  xSbxTe3i,Sey  solid  solutions. 

1 :  x  —  1.0,  y  =  0.06;  2:  x  =  1.2,  y  =  0. 09; 

3:  x  =  1  3,  y  =  0.09;  4:  x  =  1 .6,  y  ■  0. 


Now  one  can  see  also  that  partial  substitution  of  Te  by  Se 
results  in  significant  decrease  of  thermal  conductivity  in  the 
whole  temperature  range:  Fig.  8c.  Together  these  two 
processes  considered  above  (a-a2  up,  kl  down)  lead  to 
increase  of  figure  of  merit  at  low  temperatures  in  comparison 
with  the  standard  material:  curves  1,2,3  -  and  4,  respectively, 
on  Fig.  9b.  Optimized  materials  have  significantly  higher  ZT 
-  parameter:  at  80,  150  and  210  K  values  0.1,  0.4,  and  0.64 
are  achieved  instead  of  0.03,  0.28,  and  0.57,  respectively,  for 
standard  Bio.5Sb1.5Te3  composition. 

Testing  of  optimized  materials  in  low-temperature 
cascade  modules. 

Testing  of  low-temperature  optimized  materials  at  real 
temperatures,  for  wich  they  were  developed,  was  the 


important  part  of  the  project.  Its  results  were  presented  at  one 


Fig.10.  Temperature  difference  on  modules 
tested  vs.  hot  side  temperature:  1  -  4-stage 
module;  2  -  6-stage  module  based  on 
(Bi,Sb)2(Te,Se)3  -  thermoelectrics; 

3  -  6-stage  module  with  the  coldest  stage 
including  n-BI„  lsSb0 15  leg. 

of  the  recent  ICT  [10],  although  in  short  enough  form.  Here 
we  are  reporting  only  principal  points  of  this  work. 

We  used  a  special  temperature  regime  of  the  testing:  a  hot 
junction  of  the  module  tested  was  at  T=223  K  which  is  a 
temperature  of  «dry  ice»  (solid  CO2  -  it  means  that 
temperature  of  hot  junction  was  maintained  during  a  testing 
by  means  of  «dry  ice»).  It  was  made  for  economy  of  the  time 
and  money  because  the  module  stages  for  interval  223  -  300 
K  would  be  highly  cumbersome  and  expensive  but  it  is 
possible  today  to  design  these  stages  theoretically,  without 
any  additional  experiment.  First  2  stages,  counting  from  the 
hot  junction,  were  made  from  standard  materials,  and  what  is 
more,  from  standard  modules  of  the  Russian  thermoelectric 
company  Osterm.  Other,  colder  stages  were  made  from  the 
optimized  materials,  prepared  at  our  laboratory  and  described 
above.  Modules  as  a  whole  were  assembled  by  Osterm  by 
means  of  its  standard  technology.  Then  all  testings  of 
modules  were  performed  at  the  laboratory. 

Achieved  results  are  presented  on  Fig.10.  It  is  necessary  to 
note  that  the  4-stage  module  was  the  first  in  this  series,  then 
better  materials  were  developed  and  these  improved  materials 
were  used  in  6-stages  modules.  The  first  6-stage  module 
(curve  2)  was  made  from  (Bi,Sb)2(Te,Se)3  alloys.  Thai  the 
second  6-stage  module  was  created  where  the  coldest,  6 
stage  had  n-leg  from  very  effective  Bio.85Sbo.15  alloy  and  p-leg 
from  optimized  Bi2.xSbxTe3.ySey  alloy.  Bi-Sb  leg  was 
surrounded  by  a  miniature  permanent  magnet  system  because 
optimal  magnetic  field  increases  thermoelectric  figure  of 
merit  of  this  material  very  significantly.  In  all  modules 
thermoelements  and  stages  were  connected  in  series  and 
supplied  by  the  same  electrical  current.  Temperature  Tcoia  on 
the  cold  junction  of  4-stage  module  was  142  K  (curve  1). 
6-stage  module  (curve  2)  produced  AT=93  K  and  had 
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TCoid=130  K.  Modernized  6-stage  module  with  Bi-Sb  (curve 
3)  produced  AT=99  K  and  had  Tcoid=124  K.  At  all  these 
testings  there  was  a  heat  load  on  the  coldest  stage  about  10 
mW  (by  a  heat  flow  through  measuring  thermocouple). 

It  was  important  not  only  to  know  what  the  lowest 
temperature  is  accessible  experimentally.  It  was  very 
important  also  to  be  convinced  of  good  enough  coincidence  of 
calculated  and  experimental  values  of  AT,^  of  the  coolers. 
This  confirmed  a  reliability  of  our  measurements  of 
thermoelectric  properties  as  well  as  high  quality  of  the 
assembling  technology. 


[8]  Z.  Stary,  J.  Horak,  M.  Stordeur,  and  M.  Stolzer  «Antisite 
defects  in  Sb2-xBixTe3  mixed  crystals»  J.  Phys.  and 
Chem.  Solids,  49  (1988)  29. 

[9]  M.  Stordeur,  M.  Stolzer,  H.  Sobotta,  and  V.Riede 
investigation  of  the  valence  band  structure  of 
thermorlectric  (Bii.xSbx)2Te3  single  crystals)).  Phys.  Stat. 
Sol.  (b).  150(1988)  165. 

[10]  M.V.  Vedernikov,  V.A.  Kutasov,  V.L.  Kuznetsov,  L.N. 
Luk'yanova,  P.P.  Konstantinov,  Yu.I.  Ageev,  G.T. 
Alexeeva,  Yu.I.  Ravich,  M.I.  Fedorov,  E.A.  Izupak,  L.N. 
Gladkikh,  I.M.  Bash  ((Thermoelectric  cooling  to  130  K 
and  lower  temperature))  Proc.  of  the  XIII  Int.  Conf.  on 
thermoelectrics  (ICT'94),  Kansas  City,  USA  (1994)  185. 


Conclusion 

The  study  performed  allows  for  the  first  time  to  consider  in 
realistic  manner  a  possibility  of  thermoelectric  cooling  at  80- 
150  K  with  (Bi,Sb)2(Te,Se)3  -  based  thermoelectrics.  It  can  be 
a  base  for  investigation  of  another  compositions,  with 
including  of  another  components  in  solid  solution. 
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Abstract 

The  electronic  structures  of  n-  and  p-  Bi2Te3  were  clarified 
using  the  molecular  orbital  method  of  Discrete  Variational 
X  a  setting  two  kinds  of  cluster  such  as  Bi7Te6  and  Bi6Te7. 
The  present  computational  study  was  focused  on  the 
changes  of  electronic  structures  by  doping  another  atom  to 
the  original  bismuth  telluride.  The  computational  results 
revealed  bonding  strength  between  atoms  and  contour  map 
of  electron  density.  The  atoms  of  Bi  and  Sb  possessing  6p 
or  5p  electrons  are  polarized  to  be  more  positive  than  their 
formal  charges  when  doping  (  original  Bi2Te3  in  the  case  of 
Bi ),  meanwhile  Ag  and  Cu  turned  to  be  negative.  The  gaps 
between  the  occupied  and  unoccupied  levels  became  small¬ 
er  by  doping  the  atoms  such  as  Ag  and  Cu  leading  to  a  low¬ 
er  electrical  resistivity.  Furthermore,  bond  strength  between 
the  center-Bi  and  Te  in  the  cluster  1  (C-l  )  enhanced  due  to 
doping  Ag  or  Cu  as  well  as  that  of  the  center-Te  and  Bi  in 
the  cluster  2  (  C-2  )  did.  We  elucidated  the  experimental 
data  including  electrical  resistivity  and  Seebeck  coefficient 
associating  with  the  calculated  electronic  structures. 
Introduction 

Bi2Te3  has  become  popular  as  a  cooling  device  and  electric 
power  generation  at  relatively  low  temperatures  as  well. 
However,  the  efficiency  has  still  been  low  although  it  is 
higher  than  the  other  thermoelectric  materials  so  far.  In 


order  to  improve  the  situation,  there  are  a  lot  of  studies  for 
developing  the  materials  with  better  efficiency,  such  as 
fabrication  process  of  pressing  and  sintering  of  the  powders, 
control  of  powder  particle  size,  measuring  methods  of 
material  properties,  etc.  To  understand  the  basic  electronic 
structure  of  Bi2Te3,  Drabble  et  al.  [1]  explained  the  crystal 
consisting  of  Van  der  Waals  force,  covalent  bonding  and 
ionic  bonding  from  the  view  point  of  the  formal  charge  and 
the  bond  length,  and  also  the  theoretical  approach  by  the 
tight  binding  method  was  studied  by  Pecheur  et  al.  [2]. 
However,  there  have  been  no  discussions  of  electronic 
structures  of  Bi2Te3  with  the  thermoelectric  properties. 
Recently,  Mishra  et  al.  reported  the  electronic  structure  of 
Bi2Te3  and  Bi2Se3  using  the  linear  muffin-  tin  potential 
method  in  the  atomic  sphere  approximation  [3].  It  may  be, 
however,  difficult  to  elucidate  thermoelectric  properties 
from  their  effective  charges. 

The  basic  characteristics  of  thermoelectric  materials  are 
much  related  to  microstructures  of  the  polycrystals  and  the 
electronic  structures.  We  have  experimentally  developed 
the  relationship  between  morphology  and  thermoelectricity 
in  the  former  subject.  For  the  latter  subject,  the  present 
study  includes  the  computer  simulation  to  design  the  n-  and 
p-  Bi2Te3  and  to  associate  the  electronic  structure  with  the 
actual  thermoelectric  properties  based  on  our  experiments. 
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We  use  the  one  of  molecular  orbital  methods  such  as  a 
Discrete  Variational  X  a  [4]  which  consists  of  construction 
of  the  cluster,  defining  the  basis  functions,  the  symmetiy  of 
the  cluster,  etc.  By  means  of  this  calculation,  the  bonding 
natures,  density  of  states,  effective  charges  of  each  atom 
and  contour  map  of  electron  density  are  discussed  with 
characteristics  of  thermoelectricity.  The  calculations  are 
performed  on  n-  and  p-  Bi2Te3and  to  show  the  effectiveness 
of  doping  Ag  or  Cu  to  the  Bi2Te3. 

Calculation 

The  cluster  models  of  Bi2Te3  were  set  every  layer  [5]; 
cluster  1  ( Bi7Te6 )  and  cluster  2  ( Bi6Te7)  along  C  axis  in  the 
unit  cell.  In  the  cluster  1  (C-l),  Bi  atom  is  surrounded  by 
six  atoms  of  Bi  in  the  same  plane  (  ring  ),  and  each  3  Te 
atom  upper  and  lower  the  ring.  Meanwhile,  the  cluster  2  (C- 
2)  contains  a  centered-  Te  atom  and  the  six  Te  atoms  in  the 
same  plane  (  ring  ),  including  each  3  Bi  atom  upper  and 
lower  the  ring.  The  doping  was  performed  by  replacing  Ag 
or  Cu  for  Bi  in  the  cluster  C-l  and  for  Te  in  the  cluster  C-2 
as  well. 

The  DV-X  a  method  involves  the  local  density  approxima¬ 
tion  applied  to  the  exchange  correlation  potential  introduced 
by  Slater.  The  calculation  were  carried  out  in  the  symmetry 
of  each  cluster  with  C3V,  non-spin  and  non-relativistic 
method.  The  potential  well  depth  is  0.5  (atomic  unit)  and 
the  width  is-5  (Hartree).  The  basis  functions  of  Bi  were  5d, 
6s  and  6p,  and  4d,  5s  and  5p  orbitals  for  Sb  and  Te. 
Moreover,  3d,  4s,  4p  (vacant  level)  for  Cu  and  4d,  5s,  5p 
(  vacant  level)  for  Ag. 

Specimen  preparation 

The  specimens  for  thermoelectric  measurement  were  pre¬ 
pared  by  milling  the  Bi2Te3  ingots  and  the  powders  less  than 
150  fi  m  in  diameter  were  pressed  at  190  MPa,  then 
followed  by  sintering  for  2  hrs  at  723  K  in  Ar  gas.  The 


sintered  pellets  were  cut  in  a  rectangular  shape  with  an 
approx,  size  5X5X12mm.  Seebeck  coefficient  and  elect¬ 
rical  resistivity  were  measured  by  a  4  probe-method  with 
the  temperature  difference  of  about  10  K  between  both  ends 
longitudially. 

Results  and  Discussion 

Table  1  shows  effective  charges  for  every  cluster  (C-l  and 
C-2)  indicating  the  substitution  of  Ag  or  Cu  for  Bi(C-l)  and 
the  substitution  of  Ag  or  Cu  for  Te  (C-2).  Both  Ag  and  Cu 
atom  tends  to  be  negative  charge  that  means  the  electrons 
surrounded  Ag  or  Cu,  meanwhile  ring  -Bi  becomes  positive 
in  the  C-l,  and  upper  and  lower  Bi  becomes  positive  as  well. 
The  bond  orders  corresponding  to  bonding  strength  are 
indicated  in  Table  2  to  show  bigger  figures  when  Ag  or  Cu 
is  doped  into  the  Bi2Te3  in  the  both  C-l  and  C-2  clusters. 
The  meaning  of  “center/above  ring”  is  center  atom  like  Ag 
in  C-l(Ag)  and  the  upper  Te.  These  results  may  suggest  that 
the  Bi2Te3  layer  in  longitudinally  becomes  stronger.  The 
densities  of  states  for  the  Ag-  doped  cluster,  Ag(C-l)are 
shown  in  Fig.  1.  As  well  known  in  the  electronic  configu¬ 
ration  of  Ag,  the  4d  orbital  has  full  electrons  in  default 
presenting  higher  density  of  states  in  Fig.  1(a).  Meanwhile, 


Table  1.  Effective  charges  for  each  cluster. 


center 

ring-Bi 

upper-Te 

lower-Te 

C-l(Bi) 

0.308(Bi) 

0.036 

-0.101 

-0.071 

C-l(Ag) 

-0.189(Ag) 

0.114 

-0.085 

-0.08 

C-l(Cu) 

-0.353(Cu) 

0.161 

-0.114 

-0.906 

center 

ring-Te 

upper-Bi 

lower-Bi 

C-2(Te) 

0.044(Te) 

-0.144 

0.167 

0.107 

C-2(Ag) 

-0.391(Ag) 

-0.137 

0.204 

0.2 

C-2(Cu) 

-0.497(Cu) 

0.086 

0.202 

0.136 

Table  2  .  Bond  orders  between  atoms  in  each  cluster. 


center  /  above  ring 

center  /  below  ring 

C-l(Bi) 

0.142 

0.031 

C-l(Ag) 

0.194 

0.242 

C-l(Cu) 

0.319 

0.226 

C-2(Te) 

0.198 

0.03 

C-2(Ag) 

0.348 

0.303  ; 

C-2(Cu) 

0.205 

0.355 
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Fig  1 .  Density  of  states  for  each  energy  for  Ag-doped  cluster 
Ag(C-l),  (a)Ag4d,  (b)Ag5s  and  (cjAg5p. 


5p  orbital  in  Figl(c)  is  characterized  as  a  vacant  level  for 
electron  presumably. 

Figure  2  shows  the  energy  level  structures  for  both  clusters 
of  Bi2Te3;  Ag-doped  cluster  with  C-l  in  upper  and  with  C-2 
in  lower  diagrams.  Generally,  n-  and  p-  Bi2Te3  are  said  to  be 
a  degenerated  semiconductors.  The  doping  of  Ag  or  Cu 
attributed  to  decrease  the  gap  between  the  levels  of  HOMO 
(Highest  Occupied  Molecular  Orbital)  and  LUMO  (Lowest 
Unoccupied  Molecular  Orbital).  The  narrowed  gap  seems  to 
cause  the  lowering  of  electrical  resistivity  for  both  C-l(Ag) 
and  C-2(Cu).  The  degenerated  conduction  band  suggested 


to  play  an  important  role  for  enhancing  Seebeck  coefficient 
which  can  be  described  by  the  difference  of  electron  energy 
between  the  degenerated  conduction  band  level  and  the 
Fermi  level  .The  degenerated  conduction  band  in  the  Ag 


Fig.2  Energy  level  structures  of  Bi2Te3  and 
Ag-,  Cu-  doped  cluster  (C-l  and  C-2). 
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Fig.  3  a 2/p  for  Bi2Te3( particle  size  150jum), 
and  Cu— dopedBi2Te3(n)  ofO.  10  and 
6.  03mol%  with  1 50 /u  m. 


doping  was  presumed  with  existing  of  the  5p  (89a  1)  and  4d 
(143e)  for  the  C-l  and  the  C-2,  respectively,  and  in  the  Cu 
doping  the  band  appears  with  3d,  4s  and  4p  levels  (86a  1) 
for  the  C-l,  and  3d  and  4p(140e)  for  the  C-2.  In  the  case  of 
Ag(C-2),  there  was  the  vacant  level  of  93al  above  the 
LUMO  level  of  143e,  where  the  Ag  4d  level  has  a 
population  of  0.05.  The  Ag(C-l)  presented  the  vacant 
level  of  89al  just  above  57a2  (LUMO).  The  vacant  level  of 
a  dopant  above  the  LUMO  is  considered  to  be  important  for 
enhancing  Seebeck  coefficient  to  result  in  the  larger 
difference  of  E  —  E,  (E:  conduction  electron  energy,  E,: 
Fermi  energy).  Meanwhile,  the  electrical  resistivity  is 
estimated  to  depend  upon  the  difference  of  just  HOMO  and 
LUMO  regardless  of  a  dopant  energy  level.  Therefore,  the 
vacant  level  relating  to  a  dopant  energy  level  should  have  a 
possibility  to  accept  electrons  and  also  a  smaller  energy  gap 
between  HOMO  and  LUMO  should  be  required  for  lower 
electrical  resistivity  and  higher  Seebeck  coefficient. 

We  can  compare  the  experimental  data  to  show  Seebeck 
coefficient  and  electrical  resistivity  (aV p)  when  Cu  (0.1 
and  6.03  mol%)  is  doped  in  n-Bi2Te3  as  shown  in  Fig.  3. 
The  0.  lmol%  Cu-  doping  showed  the  largest  Seebeck  co¬ 
efficient  for  the  smallest  resistivity.  At  room  temperature, 


the  resistivity  was  1  X  10'3f2m  and  2X  lO’Qm  for  Cu- 
doping  and  Ag*doping,  respectively.  Figure  4  shows  the 
electrical  resistivity  for  the  Ag-  doped  Bi2Te,. 
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Fig.  4  Electrical  resistivity  for  Ag-doped  Bi2Te3  (n) 
Conclusion 

The  electronic  structures  of  the  metal  doped-Bi2Te3  were 
discussed  concerning  with  the  experimental  data  of  elect¬ 
rical  resistivity  and  Seebeck  coefficient.  The  conclusions 
come  out  as  following; 

1) We  found  that  the  metals  of  Ag  and  Cu  have  possibility 

to  enhance  the  bonding  strength  of  Bi2Te3  layer 
according  to  the  bond  order  by  the  computational 
calculations. 

2)  The  higher  Seebeck  coefficient  and  lower  electrical 
resistivity  can  be  possibly  obtained  through  controlling 
the  electronic  structures  by  doping  of  proper  amount  of 
the  metals.  The  calculational  results  can  bring  the 
thermoelectrical  new  concept. 
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Introduction 

The  Bi2Se3  crystals  rank  among  the  group  of  layered 
semiconductors  of  tetradymite  structure  (space  group 
R3m-D3d).  The  crystal  lattice  of  Bi2Se3  is  formed  by  a 
periodic  arrangement  of  layers  aligned  perpendicular  to  the 
trigonal  axis  c.  Each  layer  is  composed  of  five  atomic  planes 
arrangement  according  to  the  following  pattern: 

...  Se1  Bi  Se2  Bi  Se1  ...  Se1  Bi  Se2  Bi  Se1  ... 

Between  Se1  atomic  planes  of  neighbouring  atoms  there  is 
a  van  der  Waals  gap.  This  compound  is  a  component  of 
material  applied  in  thermoelectric  devices  as  solid  state 
coolers  or  generators  [1].  Therefore,  studies  of  the  effect  of 
native  and  crystal  defects  caused  by  impurity  atoms  in  the 
crystal  structure  of  Bi2Se3  are  interesting  both  for  basic  and 
applied  research. 

In  spite  of  a  considerable  attention  devoted  to  the 
investigation  of  Bi2Se3  crystals,  there  is  not  an  unambiguous 
model  of  defects  in  these  crystals.  It  is  known  that  their 
structural  and  point  defects  are  associated  with  the  deviation  of 
their  composition  from  the  stoichiometric  one.  These  defects 
influence  considerably  .the  concentration  of  free  current 
carriers  in  these  crystals.  Therefore  the  investigation  of  some 
physical  properties  which  are  governed  by  the  concentration  of 
free  current  carriers  gives  information  on  the  nature  of  these 
defects  and  their  concentration  in  crystal  structures. 

In  this  paper  we  present  the  results  of  the  study  of  some 
transport  coefficients  and  optical  properties  in  the  IR  region  at 
both  undoped  and  Pb-doped  Bi2Se3  single  crystals  with  the  aim 
to  explain  some  anomalies  in  the  dependence  of  the 
concentration  of  free  current  carriers  on  the  content  of 
incorporated  Pb  atoms. 

Experimental 

The  starting  Bi2Se3  and  Bi2Se3(Pb)  polycrystalline  material 
was  synthesized  from  the  elements  Bi,  Pb  and  Se  of  5N 
purity  in  evacuated  conical  silica  ampoules  at  1073  K  for 
48  hours.  The  growth  of  the  crystals  was  carried  out  in  the 
same  ampoule  by  means  of  a  modified  Bridgman  method 
using  a  suitable  temperature  gradient  and  a  pulling  rate  of 
1.3  mm/h. 

The  obtained  single  crystals,  50  to  60  mm  in  length  and 
8  mm  in  diameter,  could  be  easily  cleaved.  Their  trigonal 
axis  c  was  always  perpendicular  to  the  pulling  direction  so 
that  the  (0001)  plane  was  parallel  to  the  ampoule  axis.  The 
orientation  of  the  cleavage  faces  was  carried  out  using  the 
Laue  back-diffraction  technique,  which  confirmed  that 
these  faces  were  always  (0001). 

The  Pb  content,  cPb,  in  the  samples  was  determined  using 
atomic  absorption  spectrometry. 


On  the  prepared  samples  of  the  dimensions  15x3x(0.1- 
0.2)mm3  the  value  of  the  Hall  constant  RH(B  1 1  c)  has  been 
determined  (B  is  the  magnetic  induction).  A  stationary 
magnetic  field  having  an  induction  of  1.1  T  was  used:  the 
samples  were  fed  from  a  current  source  the  frequency  of  which 
was  170  Hz.  Contacts  to  the  samples  for  the  measurement  of 
the  Hall  voltage  were  made  so  that  a  thin  platinum  wire  0.05 
mm  in  diameter  coated  with  an  indium  layer  was  connected  to 
the  crystal  by  a  capacitor  discharge,  the  current  contacts  were 
made  by  an  indium  solder. 

The  Seebeck  coefficient  a  has  been  measured  for  the 
direction  ATlc,  that  is  a(ATlc),  in  the  temperature  range  of 
100  to  400  K:  the  temperature  difference  between  the  cold  and 
hot  junctions  did  not  exceed  10  K. 

The  results  of  performed  measurements  are  presented  both 
in  Table  1  and  Fig.  1. 


Sample 

No. 

cPb 

(1024.m'3) 

Rh(BIIc) 

(io'Vc 

') 

a(ATlc) 

(pV.K-1) 

1 

0 

-0.235 

-63 

2 

4.22 

-0.203 

-58 

3 

4.51 

-0.214 

-55 

4 

8.49 

-0.248 

-53 

5 

13.08 

-0.270 

-58 

6 

26.12 

-0.384 

-69 

7 

36.11 

-0.507 

-87 

Table  1.  Values  of  the  Hall  constant  RH(B  1 1  c) 
and  the  Seebeck  coefficient  a(ATlc). 


Spectral  dependences  of  the  reflectance  R  in  the  plasma 
resonance  frequency  range  were  measured  at  room 
temperature  in  unpolarized  light  on  natural  (0001)  cleavage 
faces  using  a  FT-IR  spectrometer  Biorad  FTS  45.  The 
geometry  of  the  experiment  was  such  that  the  electric  field 
vector  E  of  the  electromagnetic  radiation  was  always 
perpendicular  to  the  trigonal  c-axis,  i.e.Elc. 

The  transmittance  spectra  on  thin  samples  with 
thickness  of  the  order  of  1  pm  were  measured  at  room 
temperature  using  the  same  spectrometer.  The  radiation 
was  unpolarized  but  the  orientation  of  the  samples  towards 
the  incident  radiation  always  fulfilled  the  condition  of  Elc. 

In  order  to  get  information  on  the  changes  in  the 
concentration  dependences  of  free  current  carriers,  the 
experimental  obtained  curves  R  =  f(v)  were  fitted  using 
the  equations  for  the  real  and  imaginary  parts  of  the 
dielectric  constant  obtained  from  the  Drude-Zener  theory 
[2].  The  obtained  values  of  the  plasma-resonance 
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frequency  (Op  were  used  for  the  calculation  of  the  ratio 
N/m’x  from  the  expresion 

cop=(Ne2/e08„m^)l/2,  (1) 

where  N  is  the  concentration  of  free  current  carriers  (i.e. 


Fig.  1  Dependences  of  the  Hall  constant  Rh 
and  the  Seebeck  coefficient  a  on 
the  Pb  content  for  Pb-doped  Bi2Se3. 

electrons  in  Bi2Se3),  e  the  electron  charge,  £0  the  dielectric 
constant  of  vacuum,  sx  the  high-frequency  dielectric 
constant,  and  mx  the  effective  mass  of  the  current 
carriers  in  the  direction  perpendicular  to  the  trigonal  c- 
axis.  The  obtained  results  are  presented  in  Fig.  1 . 

The  results  of  the  transmission  measurements  were 
used  for  the  determination  of  the  spectral  dependence  of 
the  absorption  coefficient  K;  from  the  spectral  course  of 
the  short-wavelength  absorption  edge  K2  vs.  (hv  -  Eg,op,). 
The  values  of  the  optical  gap  width  Eg>opt.  were  determined 
supposing  the  direct  allowed  transitions.  The  obtained 
results  are  presented  in  Fig.  2. 


Fig.  2  Dependences  of  the  ratio  N/mx  and  the 
value  of  Eg  opt  on  the  Pb  content  in 
Pb-doped  Bi2Se3. 


Discussion 

The  obtained  dependences  of  transport  parameters  and 
optical  parameters  in  the  IR  region  on  the  Pb  content  reveal 
extremes  at  the  low  concentration  of  Pb  atoms.  In  order  to 
explain  the  origin  of  this  effect  we  consider  not  only  the 
formation  of  substitutional  defects  formed  by  Pb  atoms 
incorporated  into  the  Bi-sublattice,  i.e.  Pbgj ,  but  also  the 
interaction  of  these  defects  with  native  defects  of  the  Bi2Se3 
crystal.. 

Bi2Se3  crystals  prepared  from  the  stoichiometric  melt 
reveal  an  overstoichiometric  content  of  Bi  [3].  The  surplus  of 
Bi  in  the  Bi2Se3  lattice  can  result  in  the  formation  of 
following  native  defects: 

a)  vacancies  in  the  Se-sublattice  carrying  two  positive 
charges  Vs**, 

b)  antisite  defects  formed  by  Bi  atoms  incorporated  in  Se- 
sublattice  carrying  one  negative  charge  Bige , 

c)  Bi  -  Bi  double  layers  situated  in  the  van  der  Waals  of  the 
layered  crystal  [4], 

d)  seven-layer-lamellae  BijSe^  ,  nine-layer-lamellae 

Bi4Se". 

We  note  that  the  relations  between  the  content  Bi  -  Bi  double 
layers  and  the  concentration  of  free  current  carriers  has  not 
been  studied  yet. 

As  the  concentration  of  overstoichiometric  Bi  atoms  in  the 
Bi2Se3  crystals  prepared  from  the  melt  of  stoichiometric 
composition  is  of  the  order  of  1019  atoms  cm'3,  we  can  make  a 
simplification  supposing  that  the  concentration  of  unoccupied 
vacancies  in  the  Bi  sublattice  [VgJ  is  much  lower  than  the 
concentration  of  Se  vacancies  [  Vs*e*  ]  and  also  much  lower 
than  the  concentration  of  antisite  defects  or  the  content  of  the 
seven.layer-lamellae,  i.e. 

[V|;]«  [V*;];  [Vgj] « [Bige  ]; 

and 

[VBz;]«[Bi3Se;]. 

The  above  given  discussion  on  possible  native  defects  in 
the  Bi2Se3  crystal  structure  can  results  in  the  proposal  of  the 
following  model : 

a)  native  defects  are  formed  at  the  temperature  of  the 
solidification  the  melt  Tm> 

b)  concentration  of  native  defects  does  not  change  under 
the  temperature  of  Tm  (our  approximation), 

c)  the  formation  of  native  defects  is  a  nearly  equilibrium 
process  which  can  be  described  by  the  equation 

BiBi  +  V-;  +  (3  +  z)e'  <=>  Bi'e  +  V* .  (2) 

The  above  given  model  of  point  defects  make  it  possible 
to  explain  the  observed  extremes  in  the  dependences  of 
physical  parameters  on  the  Pb-content  in  the  studied  crystals 
as  a  result  of  interaction  of  incorporated  Pb  atoms  with  native 
defects  of  the  Bi2Se3  lattice.  This  conclusion  results  from  the 
following  ideas.  The  incorporation  of  Pb  atoms  into  the  Bi 
sublattice  results  in  an  increase  of  the  polarity  of  bonds 
between  the  substitution  defect  Pb^  and  the  neighbour  Se 
atoms  results  in  an  increase  of  the  ionicity  of  the  crystal.  As  a 


69 


16th  Internationa!  Conference  on  Thermoelectrics  (1997) 


Fig.  3:  Fit  of  the  dependence  of  the  free  carrier  concen¬ 
tration  on  Pb  content,  n  =  f(cPb),  in  the  Pb-doped 
Bi2Se3  samples:  1 -concentration  of  defects  PbBi, 
2-concentration  of  antisite  defects  Bige,  3-con¬ 
centration  of  free  electrons  compensating  the 
charges  of  doubly  charged  Vs#* ,  4-theoretical  n  = 
f(cPb)  dependence.  The  points  represent  experi¬ 
mental  data  on  the  concentration  of  free  electrons. 

consequencethe  energy  necessary  for  the  transition  of  Bi 
atoms  into  the  Se  sublattice  in  the  Se11  position  also  increases. 
It  means  that  the  energy  of  the  formation  of  antisite  defects 
increases  and  in  agreement  with  the  equation  (2)  the 
concentration  of  free  current  carriers  increases.  In  this  way 
can  explain  an  increase  in  the  concentration  of  free  electrons 
in  the  region  of  a  low  Pb  content.  When  overstoichiometric 
Bi  atoms  form  seven-layer- lamellae,  then  an  increase  in  the 
electron  concentration  can  be  described  by  the  following 
equation 

2Bi3Se4+Pb+Se2(g)c=>PbBi2Se4+2Bi2Se3+2e'  (3) 

When  the  concentration  of  antisite  defects,  or  eventually 
seven-layer  -lamellae  is  sufficiently  suppressed,  only 
substitution  defects  Pb'Bi  are  formed,  which  results  in  a 
decrease  in  the  concentration  of  free  electrons.  This  behavior 
can  be  described  by  the  following  equation 

(2Vbi+3Vse)+2Pb+3/2Se2(g)+2e'  =  2Pb^+3SeSe.  (4) 

The  process  described  above  generates  free  carriers  in  the 
first  step  and  suppresses  the  concentration  of  free  carriers  in 
the  second  step  and  in  this  way  describes  qualitatively  the 


observed  dependence  of  free  carrier  concentration  on  the  Pb 
content  in  Bi2Se3  crystals.  With  regard  to  the  proposed  model 
we  have  tried  to  calculate  the  change  in  the  concentration  of 
native  defects  including  the  changes  in  the  energy  of 
formation  of  these  defects. 

The  concentration  of  free  electrons  N  can  be  obtained 
from  the  crystal  electroneutrality  condition 


N  =  2  [Vs**]  -  [Bige]  -  [Pb'Bi].  (5) 


The  concentration  of  antisite  defects  can  be  described  by  the 
relation  given  in  our  previous  paper  [5]  as 


JAS 


V  kBTm  J 


(6) 


where  kj  is  a  term  describing  the  probability  of  forming  an 
antisite  defect  in  the  Bi2Se3  unit  regardless  of  any  energy 
considerations,  NBi  is  the  concentration  of  Bi  atoms  in  trhe 
unit  volume  of  Bi2Se3  crystal,  EAS  is  the  energy  of  formation 
of  antisite  defects,  kB  is  the  Boltzmann  constant  and  Tm  is 

the  melting  point  of  the  crystal. 

In  the  crystal  with  a  high  dopant  content  (in  our  case  of 
Pb)  the  bonding  conditions  are  changed  to  a  certain  measure 
and  thus  also  the  formation  energy  of  AS  defects  EAS 
depending  on  the  impurity  content  in  a  given  crystal.  A 
change  in  the  formation  energy  is  denoted  asAEAS;  in  the 
calculation  we  consider  its  magnitude  to  be  proportional  to 
the  content  of  incorporated  Pb  atoms. 

When  we  describe  in  a  similar  way  also  the  concentration 

of  vacancies  [Vg*],  then  the  equation  (5)  takes  the  form 


N  =  2NSeexp 


(  Ev+AEv(cPbp 

kBTm  , 


~kl 


Eas  +  AEAS(cpb) 


kBTm 


(7) 


where  NSeis  the  concentration  of  Se  atoms  in  a  unit  crystal 

volume,  Ev  is  the  formation  energy  of  vacancies  Vs*e\  AEV 
is  the  change  in  the  energy  of  formation  of  Se-vacancies 
caused  by  the  incorporation  of  Pb-atoms  into  the  crystal 
structure.. 

The  equation  (7)  was  used  for  fitting  the  N  =  f(cPb) 
dependence.  The  values  of  N  were  determined  from  the 
values  of  the  ratio  N/mj_,  obtained  by  the  interpretation  of 
reflection  spectra  in  the  plasma-resonance  frequency  region 
using  in  a  first  approximation  the  constant  value  of  m±  =  0. 14 
m0.  For  the  calculation  of  the  formation  energy  of  the  antisite 
defect  in  the  undoped  Bi2Se3  crystal  was  used  as  EAS=0.59 
eV.  The  result  of  fitting  is  shown  in  Fig. 3. 

From  this  figure  it  is  evident,  that  with  an  increasing  Pb- 
content  in  the  Bi2Se3  crystals  a  steep  decrease  in  the 
concentration  of  antisite  defects  takes  place,  whereas  the 
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concentration  of  Se-vacancies  increases.  The  value  of 
formation  energy  EAS=0.59  eV  for  the  undoped  crystal 
increased  to  2.04  eV  for  the  crystal  with  cPb  =  3.6.1019  cm'3; 
simultaneously  the  formation  energy  Ev  decreased  from  0.61 
to  0.58  eV. 

Conclusions 

The  dependence  of  free  electrons  concentration  on  the 
content  of  doping  Pb  atoms  in  Bi2Se3  crystals  reveals  a 
pronounced  maximum  in  the  region  of  a  low  Pb  content.  The 
existence  of  such  a  maximum  can  be  explained  by  an 
interaction  of  incorporated  Pb  atoms  with  negatively  charged 
native  defects  of  Bi2Se3.  Such  defects  can  be  presented  by 
antisite  defects  or  defects  of  the  type  of  seven-layer-lamellae. 
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Abstract 

The  influence  of  doping  with  Sn  atoms  is  investigated 
in  details.  The  method  of  additional  doping  with  electroactive 
impurities  is  used.  The  peculiarities  of  kinetic  coefficients  of 
Bi2Te3  doped  with  Sn  and  J  simultaneously  are  discussed. 
There  is  good  reason  to  believe  that  these  peculiarities  are  due 
to  Sn-resonant  states. 

Introduction 

Bismuth  telluride  is  the  main  component  of  alloies 
used  for  thermoelectric  devices  for  middletemperature  region. 
Therefore  the  search  for  different  methods  of  thermoelectrical 
efficiency  increase  of  Bi2Te3  and  its  alloies  is  important  for 
production.  One  of  the  methods  is  the  use  of  resonant 
scattering  of  the  charge  carriers.  The  resonant  scattering  can 
take  place  when  the  impurity  levels  appear  on  the  background 
of  allowed  spectrum.  The  presence  of  impurity  resonance 
states  in  semiconductors  can  give  the  new  possibilities  in 
control  of  their  physical  properties. 

According  to  published  and  our  data  [1-4]  the  Sn 
impurity  in  Bi2Te3  create  the  impurity  states  with  the  most 
probability.  Theoretical  calculations  made  by  methods  of 
strong  bond  [1]  lead  to  conclusion  that  impurities  of  IV  group 
substituted  to  Te1  in  Bi2Te3  create  resonant  states.  Doping  of 
Bi2Te3  by  Sn  atoms  was  investigated  experimentally  by  the 
authors  [2-4].  In  the  bismuth  telluride  doped  with  Sn  atoms  the 
peculiarities  in  temperature-  and  press-  dependences  of 
electroconductivity  (a,j)  and  Hall  coefficients  (  Rjjk  )  were 
observed,  that  can  be  interpreted  as  presence  of  impurity 
states.  But  these  peculiarities  are  not  as  strong  as  the 
peculiarities  induced  by  T1  in  lead  telluride.  The  point  is  that 
there  are  usually  many  intrinsic  defects  in  Bi2Te3,  in  particular, 
the  antistructure  defects  (AS),  that  leads  to  high  hole 
concentration.  The  complex  structure  of  valence  band 
consisting  of  two  subbands  with  a  small  energy  gap  (A  s 
0,02eV  )  makes  the  situation  even  more  complicated. 

Investigations  of  resonant  levels  associated  with 
group  III  elements  in  IV-VI  semiconductors  [5]  testified  that 
the  method  of  additional  doping  with  an  electroactive 
impurity,  which  does  not  create  level  itself,  is  very  efficient  for 
detection  of  impurity  levels.  Electroactive  impurity  changes 
the  degree  of  occupancy  of  the  allowed  and  impurity  bands. 
The  existance  of  an  impurity  band  is  indicated  by 
stabilization  (pinning)  of  the  chemical  potential,  when  the 
concentration  of  the  additional  impurity  is  varied.  In  the  case 
of  tin-doped  bismuth  telluride  the  iodine  which  exhibits  a 
strong  donor  behavior  can  be  used  as  an  additional  impurity. 


Experiment  and  results 

The  investigations  of  the  transport  coefficients  are 
made  on  single  crystals  of  bismuth  telluride  doped  with  tin  and 
double-doped  with  tin  and  iodine.  The  composition  of  the 
samples  doped  with  tin  is  described  by  the  chemical  formula 
Bi2-xSnxTe3,  where  X=0;  0.002;  0.005;  0.007;  0.01  (X=0.01 
corresponds  to  6*1019cm'3).  The  samples  double-doped  with 
tin  and  jodine  are  the  samples  Bi2_xSnxTe3  +  YSbJ3  with 
X=0.005  and  with  additional  impurity  SbJ3:  Y=  0.05;  0.1;  0.15 
weight  %.  All  crystals  were  grown  by  Chochralskij  method. 
The  perfection  of  crystals  was  verified  by  STM-images  with 
scanning  tunneling  microscope  and  by  concentration 
dependence  of  Nemst-Ettingshausen  effect  [6].  The  Sn  and  J 
impurities  content  was  controlled  with  chemical  test.  The 
homogeneity  of  impurity  distribution  along  the  samples  was 
estimated  by  measuring  of  Seebeck  coefficient  with  the  aid  of 
a  thermoprobe  at  300  K. 

We  determined  the  following  independent 
components  of  the  transport  tensors:  the  Hall  coefficients  Ri23 
and  R32j,  the  thermoelectric  powers  Sn  and  S33,  the  electrical 
conductivity  Cn  and  the  Nemst-Ettingshausen  coefficients 
Qi23  and  Qi32.  In  this  notation  the  number  3  indicates  the 
trigonal  axis  of  a  crystal.  The  subscripts  of  the  coefficients 
represent  the  following,  in  the  order  they  appeared:  the  first  is 
used  for  the  direction  of  the  measured  electric  field,  the  second 
for  the  direction  of  the  electric  current  or  the  temperature 
gradient,  and  the  third  for  the  direction  of  the  magnetic  field. 

The  measurements  were  carried  out  mainly  in  the 
temperature  range  77  -  420  K.  The  carrier  density  was 
determined  from  the  expression  n,  p  =  I  q*  R32i  (77  K)  I'  . 
r - 


Fig.  1  The  dependence  of  hole  concentration  (p)  against  of 
doped  Sn  impurity. 
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The  dependences  of  hole  concentration  (p)  on  of 
doped  Sn  impurity  amount  are  shown  in  Fig.l  There  are 
presented  our  data,  the  data  of  [4]  on  Bi2Te3  doped  with  Sn 
and  CdCl2  and  data  of  [7-9]  on  Bi2Te3  doped  with  donor  and 
acceptor  impurities  (Te,Bi,Pb,SbJ3).  Usually  the  hole 
concentration  in  Bi2Te3  grows  proportionally  to  amount  of 
doping  impurity  atoms.  Lead  activity  depends  on  its  site  in  a 
lattice  and  could  range  from  1,4  -  1,7  h/atom  [9],  jodine 
electrical  activity  is  1,3  -  1,4  h/atom.  In  contrary  to  these 
facts,  we  observe  the  low  changes  of  hole  concentration  in  tin- 
doped  Bi2Te3.  At  the  doping  with  Sn  atoms  in  amount  NSn  = 
(1,2  -  6)*1019cm'3  the  carriers  concentration  is  changed  in  the 
small  interval  (6  -  8,5)*10I8cm"3  .We  observe  the  stabilization 
of  hole  concentration. 

The  data  on  Bi2Te3  double-doped  with  tin  and 
electroactive  impurities  (  this  work  -  with  SbJ3,  [4]  -  CdCl2) 
are  shown  on  Fig  1  also.  We  can  see  different  action  of  J  and 
Cl  atoms  on  Bi2Te3  and  on  Bi2.xSnxTe3.  In  the  latter  case  the 
concentration  changes  are  considerably  smaller. 

The  temperature  dependences  of  the  kinetic 
coefficients  are  shown  on  Fig.2.  For  small  tin-doped  Bi2_ 
xSnxTe3  (X=0.002  ;  0.005)  they  are  similar  to  those  obtained 
earlier  for  the  undoped  samples  Bi2Te3.  For  big  tin-doped  Bi2_ 
xSnxTe3  (X=0.007  ;  0.01)  and  for  the  samples  double-doped 
with  tin  and  jodine  there  are  peculiarities  in  temperature 
dependences  of  kinetic  coefficients:  the  decrease  of  Hall 
coefficients  in  all  temperature  range;  the  decrease  of  hole 
mobilities,  determined  from  electroconductivity  and  from 
Nemst-Ettingshausen  effects. 

Fig.3  shows  isoterms  of  the  Seebeck  and  Nemst- 
coefficients  and  Hall-mobility  on  the  hole  concentration. 
These  dependences  have  a  clearly  defined  minimum  at  low 
temperature  in  the  case  of  big  tin  or  tin-jodine  doped  samples, 
when  hole  density  is  of  the  order  of  (3  -  5)*10I8cm'3.  Earlier 
we  obtained  the  similar  peculiarities  on  Bi2Te3  doped  with  In 
atoms.  In  the  case  of  In  doped  Bi2Te3  we  observed  the 
decrease  of  Seebeck  coefficient,  but  in  the  case  of  Sn-doped 
Bi2Te3  the  Seebeck  coefficient  increases  at  this  hole 
concentration. 

Discussion 

The  strong  temperature  dependence  R(T)  and  sharp 
decreases  of  charge  carriers  mobilities  are  common  features 
for  AIVBVi  semiconductors  with  impurity  resonant  states  [5]. 
The  stabilization  of  carrier  concentration  was  explained  by  the 
existence  of  impurity  states  underground  of  allowed  states. 
Therefore  it  is  quite  natural  to  link  the  observed  dependences 
of  R(T),  sharp  decrease  of  hole  mobility  and  stabilization  of 
hole  concentration  in  Bi2Te3:Sn  with  existence  of  resonant 
states.  However,  in  order  to  prove  that  it  is  really  the  impurity 
states  we  should  give  additional  arguments.  Really,  when  this 
compound  is  doped,  especially  with  metals  (for  example,  Pb, 
Sn,  In  or  Tl),  the  number  of  defects  and  the  degree  of  the 
inhomogeneities  of  compound  increase.  Note,  that  in 
inhomogeneous  semiconductors  a  situation,  in  which  the 
temperature  dependences  of  the  transport  coefficients 
(specifically,  the  Hall  coefficient)  can  simulate  the  behavior  of 


homogeneous  semiconductor  with  impurity  levels  is  possible. 
However,  in  our  work  [6]  we  confirmed  the  high  quality  of  the 
Sn-doped  samples  by  the  data  on  transverse  Nemst- 
Ettingshausen  effect  (TNEE).  Therefore,  the  peculiarities  of 
the  transport  coefficients  experimentally  observed  on  these 
crystals  can  be  explained  by 


Fig.  3  Isoterms  of  the  concentration  dependences:  a)  -Sn;  b)  - 
R123  *  CTn;  c)  -  Q,23.  The  curve  1  -  Bi2Te3  without  doping 
atoms;  2  -  with  In;  3  -  with  Sn. 
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the  differences  in  the  energy  spectrum  of  samples  with  and 
without  tin  in  other  words  by  the  presence  of  impurity 
resonant  levels. 

Our  experimental  results  enabled  us  to  determine  the 
parameters  of  the  energy  band  structure  of  Bi2_xSnxTe3  solid 
solutions  such  as  effective  density  mass  m*  and  energy  gap  eg. 
In  our  recent  work  [3  ]  we  reported  about  the  calculations  of 
these  parameters’  Note  that  they  are  the  same  as  for  the  case 
of  undoped  Bi2Te3  and  we  observe  some  increase  of  m*  and  eg 
for  the  samples  doped  with  Sn. 

The  estimation  of  the  value  hemical  potential  was 
made  by  the  methods  of  [5].  The  extrapolation  of  temperature 
dependence  of  chemical  potential  to  T=0  gives  the  energy  of 
impurity  states  equal  to  e  =  0,02  -  0,03  eV.  It  was  shown  that 
level  connected  with  Sn  atoms  is  situated  among  subbands  of 
valence  band.  The  estimation  of  density  state  function  we 
carry  out  using  the  expression  a  -  S*q/ko  +  Qi23*q/Ri23 
auko  .  It  is  an  isotropic  value  and  it  depends  only  on  chemical 
potential  p*.  The  method  was  described  in  details  in  [  3  ].  For 
the  energies  of  0,02  -  0,03  eV  the  encrease  of  density  state 
function  was  obtained.  This  increase  can  be  explained  by  the 
appearance  of  Sn-impurity  states  near  the  edge  of  the  second 
valence  band.  And  observed  minimum  in  hole  concentration 
dependences  of  Hall  and  Nemst  mobilities  -  by  resonant 
scattering  of  holes  on  Sn  levels. 

The  influence  of  resonant  scattering  of  charge 
carriers  on  kinetic  coefficients  is  considered  in  review  [10].  In 
this  review  there  was  shown  that  the  resonant  scattering  is 
highly  selective  in  respect  of  the  carrier  energy:  only  the 
carriers  with  energy,  close  to  energy  of  impurity  states,  are 
strongly  scattering.  When  the  Fermi  level  position  is  of  the 
order  of  k<,T  higher  than  the  resonant  level,  the  carriers  with 
relatively  low  energies  (e-p  <  0)  are  scattered  much  more 
strongly  than  those  with  high  energies  (e-p  >  0).  The  average 
energy  of  carriers  in  flow  increases  and  hence  the 
thermoelectric  power  increases  too.  If  the  mobility  of  carriers 
does  not  decrease  too  much  due  to  resonant  scattering,  the 
thermoelectric  figure  of  merit  Z  =  S2c/k  (k  is  the  thermal 
conductivity)  can  increase.  Note  that  our  data  show  the 
increase  of  S  in  the  some  samples  Bi2Te3  doped  with  Sn.  But 
only  two  of  them  (NN  89,90)  with  XSn  -  0.002  and  0.005 
have  the  encrease  of  thermoelectric  efficiency  (S2a).  These 
samples  have  some  increase  of  S  and  small  decrease  of  hole 
mobility.  It  can  be  assumed  that  the  Sn-states  are  filled  by 
holes  of  intrinsic  defects  (AS)  and  correlation  of  Fermi  level 
position  and  the  resonant  energy  takes  place  at  this  Sn 
concentration . 

Conclusion 

Thus  the  data  obtained  in  this  work  (i.e.  the  fact  of 
presence  of  impurity  Sn-level)  permit  to  hope  on  the 
improvement  of  figure  of  merit  in  A^^  compounds 


traditionally  used  for  middletemperature  thermoelectric 
performances  by  the  use  of  resonant  impurity  states. 
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ABSTRACT 

Despite  high  thermoelectric  performance,  the  commer¬ 
cial  applications  of  B^Tes-Sb^  based  thermoelectrics  are 
limited  mainly  because  of  production  cost  due  to  complicated 
processing  steps.  In  this  study,  a  new  approach  to  the  pow¬ 
der-extrusion-sintering  method,  which  is  intended  to  fabri¬ 
cate  a  sound  sintered  material  by  the  simultaneous  applica¬ 
tion  of  pressure  and  heat,  was  investigated.  This  method  is 
expected  to  be  suitable  for  low  cost  production  of  Bi2Te3- 
Sb^Te3  materials  because  of  the  possibility  of  semi-continuous 
fabrication  processing.  It  was  possible  to  achieve  high  density 
(>95%  of  theoretical  density)  products  by  adjusting  variables, 
such  as;  die  angle,  die  hole  length,  powder  size,  extrusion 
pressure  and  temperature.  Thermoelectric  properties  of  sin¬ 
tered  specimens  were  measured,  and  discussed  to  achieve 
optimum  fabrication  conditions. 

I .  INTRODUCTION 

It  is  a  common  practice  to  fabricate  Bi2Te3-St>2Te3  based 
thermoelectric  material  by  methods  of  a  single  crystal  grow¬ 
ing1,  2  or  sintering3, 4>  5>  6.  These  methods,  however,  have  some 
drawbacks  such  as  high  production  cost,  low  efficiency,  and 
difficult  control  of  compositions.  Naturally,  new  methods, 
which  could  overcome  such  drawbacks,  have  been  sought7, 8' 

9 .  Powder  extrusion-and-sintering  could  be  one  of  the  candi¬ 
dates  for  economical  mass  production  of  thermoelectric  mate¬ 
rials. 

In  this  study,  a  novel  Powder-Extrusion-Sintering  (PES) 
process,  which  allows  sintering  and  extrusion  simultaneously, 
is  examined  for  the  production  of  Bi2Te3-Sb2Te3  based  mate¬ 
rials.  The  core  of  this  technique  is  the  application  of  high 
electric  current  (resistance  heating)  and  pressure  to  the  pow¬ 
der  mass  in  an  extrusion  die  in  order  to  complete  shaping  and 
sintering  within  a  short  period  of  time  (typically  5  to  20  : 
minutes).  It  is  found  that  this  approach  can  produce  thermo¬ 
electric  materials  having  the  desired  cross-sectional  shape 
and  size  under  a  semi-continuous  fabrication  process. 


Furthermore,  the  short  reaction  time  might  provide  a  limited 
variation  in  compositions  and  microstructures  of  this  mate¬ 
rial10,  11.  It  is  also  possible  to  obtain  anisotropic  thermoelec¬ 
tric  properties  due  to  the  aligned  texture  microstructures 
along  the  extrusion  direction12, 13. 

P-tvpe  Bio.5Sb1.5Te3  and  n-type  Bi2Te2  25Seo  75  were  used 
to  demonstrate  the  feasibility  of  this  new  approach.  The  PES 
process  was  examined  at  various  conditions  of  temperature, 
pressure,  die  dimension  and  extrusion  time  along  with  the 
composition  and  particle  size  of  powders.  From  trial  and 
errors,  it  was  possible  to  find  the  process  and  material  condi¬ 
tion  which  can  produce  sound  specimens  of  high  densities 
(>95%  of  theoretical  density).  Thermoelectric  properties  of 
the  specimens  were  investigated  and  analyzed  in  conjunction 
with  sinterability,  microstructure  and  appearance. 

fi.  EXPERIMENTAL^ 

Preparation  procedures  of  p-  and  n-type  powders  are  the 
same  as  described  elsewhere3.  That  is,  ©  pure  (4-nine 
grade)  elements  of  Bi,  Te,  Sb,  Se,  etc.  were  vacuum  sealed 
into  a  silica  tube  after  weighing,  ©  melted  and  vibrated  for  2 
hours,  and  (3)  cooled  and  crushed  (pulverized)  into  powders 
inside  the  glove  box  under  an  Ar  atmosphere.  For  p-type 
Bio.5Sb1.5Te3,  relatively  large  amounts  of  Te  (2~5wt%)  were 
added,  only  0.05-0.2  wt%  of  Sbl3  was  added  for  n-type 
Bi2Te2  25Seo.75  as  a  dopant.  Powders  of  four  different  particle 
sizes  (60,  100, 150  and  210  pm)  were  employed  in  this  ex¬ 
periment. 

PES  apparatus,  as  shown  in  Photo  1  and  Fig  1,  consists 
of  a  vacuum  chamber,  a  hydraulic  ram,  a  direct  current  sup¬ 
ply,  a  die  assembly  and  auxiliary  control  units.  Pressuring 
and  resistance  heating  were  applied  to  the  powder  mass  in 
the  die  to  complete  sintering  and  extrusion  simultaneously 
through  the  process  cycle.  In  addition  to  the  pressure  gauges 
and  thermocouples  which  monitors  the  whole  extrusion  and 
sintering  cycle,  a  LVDT  was  attached  to  the  ram  in  order  to 
record  the  amount  of  extrusion. 
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Photo  1.  Power  Extrusion  Sintering  apparatus 


*! 


1.  vacuum  chamber  6.  pyrometer 

2.  die  assembly  with  7.  DC  and  AC  power  supply 

compact  8.  servo  controlled  hydraulic 

3.  water  cooled  electrode  system 

4.  vacuum  system  9.  process  control  unit 

5.  LVDT  10.  digital  multichannel  recorder 

Figure  1.  Schematic  illustration  of  PES  arrangement 

The  shape  and  dimension  of  die  assembly  is  shown  in 
Fig  2.  It  resembles  a  conventional  extrusion  die  assembly,  but 
for  this  experiment,  several  dies  having  different  values  of 
extrusion  angles  ( 6  :  30°  ,  45°  and  60°  ),  die  hole  lengths 
( A :  2,  5  and  10mm)  and  extrusion  ratios  (R  =  D/d  :  3  and  10) 
were  used  to  examine  effects  on  the  final  product.  For  this 
apparatus,  rod  shaped  specimens  (diameters  :  1 .5  —  5mm)  of  as 
long  as  120mm  in  length  were  fabricated.  Powders  were  pre¬ 
compacted  into  a  cylindrical  mass  (diameter  :  15mm,  length  : 
22mm,  density  *  93%)  at  a  cold  compaction  pressure  of 
300kgf7cm2.  Each  green  compact  was  loaded  into  the  extru¬ 
sion  die  cavity  and  held  for  about  3  minutes  of  heating-up 
period  at  low  extrusion  pressures. 


The  die  assembly  was  heated  up  to  predetermined  tem¬ 
peratures  of  300-  400  “C  by  the  application  of  a  high  density 
direct  current  (250— 350A)  through  die  assembly.  As  soon  as 
the  sintering  temperature  was  reached,  it  was  extruded  by 
applying  high  extrusion  pressures  ranging  from  100  to 
200MPa,  depending  on  other  variables. 

m.  RESULTS  AND  DISCUSSION 
1.  Effects  of  variables  on  PES 

Fig  3  shows  a  typical  behaviour  of  the  present  PES  cy¬ 
cle;  the  variation  of  temperature  and  amount  of  extrusion  is 
plotted  with  time  as  a  function  of  particle  size  of  powders, 
extrusion  pressure  and  die  angle. 

In  order  to  obtain  a  high  density  ( ^  95%)  material, 
higher  temperatures  and  longer  times  were  required  for 
larger  size  powders  irrespective  of  p-  or  n-type  material.  In 
general,  n-type  materials  needed  higher  temperatures  than  p- 
type  materials  for  densities  of  equivalent. 

Variations  in  die  dimensions  (  6 ,  A  and  R)  revealed  the 
effect  on  the  process  as  predicted,  i.e.  for  larger  6 ,  A  and  R, 
higher  temperatures  and  pressures  were  required.  In  cases 
of  6  >  60°  and  A  <  5mm,  surface  cracks  on  the  specimens 
which  were  so  severe  that  it  was  not  possible  to  cut-out  a 
sound  thermoelement  from  such  a  product.  This  tendency 
was  pronounced  as  the  particle  size  and  extrusion  rate  (slope 
of  extrusion  curve  in  Fig  3)  were  increased. 


Figure  2.  Detail  of  die  assembly 
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Figure  3.  Effects  of  variables  on  PES  cycle 

From  the  above  mentioned  data,  the  following  condi¬ 
tions  (Tab.  1)  were  obtained  for  optimum  fabrication  of  sound 
materials,  of  which  thermoeletric  properties  were  reproduci¬ 
ble.  As  in  Photo  2,  the  PES  specimens  showed  a  sound  ap¬ 
pearance  and  dense  microstructure  at  relatively  low  extrusion 
pressures  of  this  experiment 11 .  When  PES  conditions,  such 
as  temperature,  extrusion  rate  (pressure),  particle  size  and  die 
dimensions  of  6  and  i  ,  were  not  properly  selected  undesir¬ 
able  surface  cracks  appeared  with  internal  pore  in  addition  to 
lower  sintered  density. 

Samples  (»  10  x  1.5  x  1.5  and  »  7  x  7  x  1  mm3)  taken 
from  positions  marked  “x”  of  PES  specimens  (Photo  2), 
which  were  extruded-and-sintered  relatively  later  than  other 
parts  of  the  PES  specimen,  showed  a  very  high  density(«97% 
of  theoretical  density).  The  measurements  of  thermoelectric 
properties  ( a ,  a  and  Z)  were  carried  out  for  these  samples 
unless  otherwise  mentioned. 


Table  1.  Selected  PES  conditions  employed  in  this 
experiment  and  final  state  of  specimen. 


Average  particle  size 

45  mm 

extrusion  /  sintering  temp. 

300  'C  (p-type) 

395  C  (n-type) 

current  density 

250  A  (p-type) 

350  A  (n-type) 

extrusion  /  sintering  time 

20  min 

die  angle,  6 

30° 

die  hole  length,  / 

10  mm 

extrusion  ratio,  R 

3 

sintered  density 

97.1%  (p-type) 

96.9%  (n-type) 

surface  appearance 

good 

Photo  2.  Appearance  and  micrograph(at  "x"  position) 
of  PES  specimen 

2.  Thermoelectric  Properties 

Together  with  results  of  Hall  measurements  (carrier 
concentration  and  mobility),  values  of  a ,  a  and  Z  measured 
at  room  temperature  for  p-  and  n-type  specimens  are  shown 
in  Tab.  2. 
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Table  2.  Thermoelectric  properties  measured  at  room  temperature. 


N-type  /  P-type 

<7 

(Cy'cm'1) 

a 

(PV/K) 

Z 

(xl0‘3/K) 

K 

(xlO'2W/cmK) 

C 

(xlO'W) 

P 

(cm2/Vs) 

ref. 

single  crystal 

1735  /613 

-204  /  252 

2.01  /  2.6 

3.59/1.5 

- 

- 

[14] 

sintered 

1080  /  830 

-166/210 

1.66/2.2 

1.8/1.68 

-  /  305 

-  /  305 

[14] 

PES 

1271  /451 

-103/222 

0.79/1.38 

1.71/1.61 

0.31/2.61 

2563  /  108 

present  work 

(  C:  carrier  concentration,  p:  Hall  mobility  ) 


(A) 


(B) 


Sbl3  (wt%)  Te  (wt%) 

Figure  4.  Variation  of  thermoelectric  properties  with  compositional  change. 
(A)  N-type  material  (B)  P-type  material 


Values  available  from  other  methods  are  also  shown  for 
comparison.  It  is  indicated  from  Tab.  2  that  the  values  of 
thermoelectric  properties  for  the  PES  specimens  were  rela¬ 
tively  lower  than  those  of  the  other  methods,  such  as  single 
crystals,  sintered  or  hot-pressed  materials8,  u. 

However,  considering  the  fact  that  the  properties  and 
appearance  of  PES  specimens  were  changed  significantly 


with  material  and  processing  variables,  it  is  expected  that  the 
improvement  of  properties,  microstructures  and  appearance 
will  be  possible  if  variables  are  more  carefully  adjusted.  Par¬ 
ticularly,  controlling  material  variables,  such  as  composition 
and  particle  size  of  different  types  of  powders,  is  believed  to 
be  one  relatively  easy  way  for  improvement,  compared  to 
control  process  variables,  such  as  d ,  i  ,  R,  temperature, 
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pressure  and  time.  With  this  in  mind,  the  variation  of  thermo¬ 
electric  properties  with  compositional  changes  were  investi¬ 
gated  using  the  PES  specimens  (See  Fig  4).  From  these  results, 
it  is  recognized  that,  with  specific  process  variables,  different 
values  of  thermoelectric  properties  can  be  achieved  through 
slight  changes  in  composition.  Particle  or  grain  size  effects 
can  be  also  utilized  to  improve  thermoelectric  properties  by 
blending  powders  for  proper  size  and  size  distribution10,  '5 

IV.  CONCLUSION 

With  this  new  approach  of  a  PES  method  for  the  fabrica¬ 
tion  ofBi2Te3-Sb2Te3  based  materials,  the  following  results 
were  obtained; 

1.  As  given  in  Tab.  1,  it  was  possible  to  obtain  high 
density  (2:95%)  materials  having  reasonably  good  surface 
and  microstructure  by  adjusting  several  variables  in  this 
method. 

2.  The  thermoelectric  properties,  a ,  a  and  Z  measured  at 
room  temperature  for  the  specimens  showed  relatively  lower 
values  compared  to  the  other  process,  even  though  the  density 
of  specimen  was  nearly  equivalent  to  that  of  other  methods. 

3.  It  is  expected,  however,  that  the  thermoelectric  prop¬ 
erties  may  be  improved  if  the  material  variables,  such  as 
composition  and  powder  size  are  carefully  selected.  Some 
data  collected  from  the  compositional  variations  demon¬ 
strated  certain  possibility  of  this  expectation. 
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Abstract 

The  n-type  Bi2Te2.85Seo.15  compounds  were 
fabricated  by  the  hot  extrusion  under  in  the 
temperature  range  of  300  to  440  °C  under  an 
extrusion  ratio  of  20:1.  The  microstructure  and 
thermoelectric  properties  of  the  compounds  were 
studied.  It  was  found  that  the  compounds  was 
highly  dense.  The  density  was  increased  with 
increasing  the  temperature.  Also,  equiaxed  fine 
grains  (  —  1.0  gm)  were  formed  because  the  dynamic 
recrystallization  occurred  during  the  extrusion.  The 
hot  extrusion  gave  rise  to  a  slightly  preferred 
orientation  of  grains.  The  small  grain  size  and 
preferred  orientation  of  grains  and  the  high  density 
contributed  to  an  improvement  in  the  thermoelectric 
properties.  The  highest  figure  of  merit  (2.62  x 
10  3/K)  was  obtained  at  440  °C.  In  addition,  the  Sbb 
dopants  significantly  increased  the  figure  of  merit. 
The  values  of  the  figure  of  merit  for  0.05  wt% 
SbB-doped  Bi2Te2.85Seo.15  compounds  hot  extruded  at 
440  “C  was  3.05X10'3/K. 

Introduction 

The  Bi2Te3  and  related  alloy  are  most  often  used  in 
thermoelectric  devices  and  extensively  studied  on 
fabrication  methods.  The  electrical  and  thermal 
properties  of  single  crystals  are  highly  anisotropic. 
Therefore,  controlling  the  microstructure  is 
important  to  increase  the  thermoelectric  properties  in 
sintered  materials,  because  sintered  material  is 
composed  of  random  mixed  fined  grain  crystals.  It 
has  been  previously  reported  that  the  theraml 
conductivity  was  reduced  by  grain  boundary 
scattering  of  long  wavelength  phonon  in  Ge-Si 
alloys  [1][2].  Therefore,  fine  grained  Bi-Te  alloy  are 


expected  to  reduce  thermal  conductivity  by  phonon 
scattering  at  grain  boundary.  The  grain  refinement 
can  be  achieved  by  hot  extrusion.  In  this 
work,  we  fabricated  the  n-type  Sbl3~doped 
(Bi2Te3)o.95(Bi2Se3)o.o5  compounds  by  hot  extrusion, 
and  then  investigated  effects  of  extrusion 
temperature  and  dopant  on  the  thermoelectric 
properties. 

Experimental  Procedure 

The  n-type  (Bi2Te3)o.9s(Bi2Se3)o.o5  compounds 
undoped  and  doped  with  0.05  wt%  and  0.1  wt% 
SbB  were  selected  for  this  study.  The  starting 
materials  were  the  powders  of  Bi,  Te,  Se,  and  Sbh 
with  >99.99  %  purity.  The  powder  mixtures  in  Si02 
tube  was  heated  at  700  °C  using  rocking  furnace. 
The  solidified  ingot  was  crushed  using  AI2O3  bowl 
and  then  seived  to  prepare  powders  with  45-74  fim 
size.  To  remove  the  oxygen  developed,  the  resulting 
powders  were  reduced  in  hydrogen  atmosphere  at 
360  °C  for  4  hours.  The  powders  were  compacted 
and  pressed  at  420  °C  under  200  MPa  in  Ar. 
Subsequently,  billets  were  hot  extruded  in  the 
temperature  range  300-440  °C  at  steps  of  70  °C 
under  an  extrusion  ratio  of  20d  and  a  ram  speed  of 
50  mm/min.  The  density  of  the  and  hot-extruded 
compounds  was  measured  by  pycnometer 
(Micrometric  Co.).  The  prefered  orientation  of  grains 
was  investigated  by  X-ray  diffraction  (XRD). 
Transmission  electron  microscopy(TEM)  was  used 
to  examine  the  microstructure.  To  measure  the 
Seebeck  coefficient  a ,  heat  was  applied  to  the 
specimen,  which  was  placed  between  the  two  Cu 
discs.  The  thermal  conductivity  n  was  measured 
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by  the  static  comparative  method  using  a 
transparent  Si02  (  k  =1.36  W/Km  at  room 
temperature)  as  a  standard  sample  in  5  x  10  5  torn 
The  electrical  resistivity  p  was  measured  by  the 
four-probe  technique. 

Results  and  discussion 
Effect  of  extrusion  temperature 
The  n-type  Sbfa-doped  Bi2Te2.85Seo.15  compounds 
were  relatively  dense.  The  relative  density  increased 
with  increasing  the  extrusion  temperature.  The 
density  was  achieved  up  to  99.5  %  of  theoretical 
density,  which  was  obtained  at  440  °C .  Also, 
high-quality  extruded  bars  without  any  defects  such 
as  tearing,  orange  peel,  and  blister  were  obtained  in 
the  hot  extrusion  temperature  of  300-440  °C. 


Fig.  1.  TEM  bright  field  images  from  the  (a) 
perpendicular  and  (b)  parallel  sections  to  the  hot 
extrusion  direction  for  the  compounds  hot  extruded  at 
440  ’C. 

Fig.  1(a)  and  (b)  show  the  TEM  bright  field 
images  from  the  perpendicular  and  parallel  sections 
to  the  extrusion  direction,  respectively,  for  the 


compounds  extruded  at  440  *C.  It  is  evident  that  the 
grains  are  small  equiaxed  ( — 1.0  /m)  and  contain 
many  dislocations  because  of  the  dynamic 
recrystallization  (DRX)  during  the  extrusion.  The 
grain  size  of  is  much  smaller  than  that  of  hot 
pressed  compounds  [3]. 


2$  (degree) 


Fig.  2.  XRD  patterns  obtained  from  the  (a) 
perpendicular  and  (b)  parallel  sections  to  the  hot 
extrusion  direction  for  the  compounds  hot  extruded  at 
440  *C. 

Fig.  2  (a)  and  (b)  show  the  XRD  patterns  obtained 
from  the  perpendicular  and  parallel  sections  to  the 
extrusion  direction,  respectively,  for  the  compounds 
extruded  at  440  °C.  The  intensity  of  (0  0  6),  (0  0 
15),  and  (0  0  18)  planes  is  only  observed  at  the 
parallel  section,  strongly  indicating  that  the  hot 
extrusion  gave  rise  to  a  preferred  orientation  of 
grains.  As  shown  in  Fig.  3  with  increasing  the 
extrusion  temperature,  the  carrier  concentration  nc  is 
decreased  and  the  mobility  p  is  slightly  increased. 
Fig.  4  shows  the  variation  of  Seebeck  coefficient  a 
and  electrical  resistivity  p  with  the  extrusion 
temperature.  The  relationship  between  the  I  a  I  and 
nc  can  be  expressed  as  follows’  \a  I  ~  r  -  In  nc. 
where,  r  is  the  scattering  factor  [4].  This  figure 
represents  that  the  absolute  value  of  Seebeck 
coefficient  I  a  |  increased  with  the  extrusion 
temperature  probably  because  of  the  decrease  in 
carrier  concentration.  The  electrical  resistivity  can 
be  expressed  as  the  following  relationship:  p  = 

1 I  ncep.  The  electrical  resistivity  increased  with 
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380  400  420 

Press  temperature  (°c) 


Fig.  3.  Carrier  concentration  nc  and  mobility  ^  as  a 
function  of  the  hot  pressing  temperature. 


380  400  420 

Press  temperature  (Tc) 


Fig.  4.  Variation  of  Seebeck  coefficient  «  and 

electriccal  resistivity  p  with  hot  pressing  temperature. 

The  increase  in  carrier  mobility  results  from  the 
porosity  decrease.  The  variation  of  Seebeck 
coefficient  a  and  relative  resistivity  p  with  the 
pressing  temperature  is  shown  in  Fig.  4.  The 
relationship  between  the  a  and  nc  can  be  expressed 
as  follows:  a  ~  r  -  In  nc,  where  r  is  the  scattering 
factor  [6].  As  the  pressing  temperature  is  increased, 
the  Seebeck  coefficient  is  slightly  increased  because 
of  the  decrease  in  carrier  concentration.  Also,  the 
relative  resistivity  is  slightly  decreased  with 
increasing  the  pressing  temperature.  The  relative 
resistivity  can  be  expressed  as  the  following 
relationship:  ,p=l/ncep.  Therefore,  it  seems  that 
with  increasing  the  pressing  temperature,  the  slight 
decrease -in  relative  resistivity  would  result  from  an 


increase  in  mobility  and  a  slight  decrease  in  carrier 
concentration.  Fig.  5  shows  the  thermal 
conductivity  k  of  the  compounds  hot  pressed  at 
various  temperatures.  It  is  increased  with  the 
pressing  temperature  probably  because  of  the 
density  increase.  The  figure  of  merit  Z  was 
calculated  using  the  following  equation:  Z-  a2/ p  k  . 
Fig.  6  shows'  the  figure  of  merit  Z  of  the 
compounds  hot  pressed  at  various  temperatures. 
The  figure  of  merit  was  increased  with  the  pressing 
temperature  because  of  a  slight  decrease  in 
resistivity,  an  increase  in  Seebeck  coefficient,  and  a 
slight  increase  in  thermal  conductivity.  The 
compounds  hot  pressed  at  420  °C  shows  the  highest 
figure  of  merit  (Z=2.35x  10"3/K). 


380  400  420 

Press  temperature  (°c) 


Fig.  5.  Thermal  conductivity  as  a  function  of  the  hot 
pressing  temperature. 


380  400  420 

Press  temperature  ( °c) 


Fig.  6  Figure  of  merit  Z  of  the  compounds  hot  pressed 
at  various  temperatures. 
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electrical  resistivity  p  decreased  with  the  dopant 
contents  because  the  carrier  concentration  nc 
increased  with  the  dopant  contents.  In  addition,  the 
thermal  conductivity  k  decreased  with  the  dopant 
contents  due  to  phonon  scattering  by  ionized 
impurities.  This  table  represents  that  the  SbL 
dopant  significantly  increases  the  figure  of  merit. 


Table  1.  Variation  of  thermoelectric  properties  with 
Sbl3  dopant  contents  for  the  n-type  compounds  hot 
extruded  at  440  °C 


Contents  of  Sbh  dopant  (wt  %) 

0.01 

0.05 

0.1 

nc  (  xlffVm) 

2.44 

2.77 

3.53 

P  (xiO"zm'/Vs) 

1.64 

2.68 

2.22 

a  (nV/K) 

-208.3 

-183.8 

-161.5 

P  (xw'b&m) 

1.557 

0.839 

0.798 

k  (W/Km) 

1.369 

1.319 

1.249 

Z  (XIO  VK) 

2.04 

3.05 

2.62 
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Conclusions 

1.  The  grains  of  the  n-type  0.1  wt%  Sbb-doped 
(Bi2Te3)o.9s(Bi2Se3)o.o5  compounds  fabricated  by  hot 
extrusion  were  fine  equiaxed  (~1.0  /an)  owing  to 
the  dynamic  recrystallization  during  the  extrusion. 

2.  The  hot  extrusion  gave  rise  to  a  slight 
orientation  of  grains. 

3.  The  highest  figure  of  merit  (2.62X10  3/K)  was 
obtained  at  440  °Cdue  to  the  scattering  of  phonon 
by  fine  grain. 

4.  Sbb  dopants  significantly  increased  the  figure  of 
merit.  The  values  of  the  figure  of  merit  for  n-type 
0.05  wt%  Sbl3“doped  Bi2Te2.85Seo.15  hot  extruded  at 
440  °C  was  3.05  x  10~3/K. 
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Abstract 

For  the  development  of  energy  saving  processes  for 
producing  thermoelectric  materials,  the  PIES  (Pulverized  and 
Intermixed  Elements  Sintering)  method  is  known  as  a  suitable 
one. 

In  this  study,  a  high  figure  of  merit  p-type  Bi-Sb-Te 
based  thermoelectric  material  was  obtained  by  the  oxygen 
free  PIES  method.  The  electrical  resistivity  of  p-type 
(BhTe3)o.i75(Sb2Te3)a825  material  was  reduced  to  0.8x10'  5 
ohm*m  and  Seebeck  coefficient  was  obtained  2.4x10' 4  V/K 
by  fabrication  in  the  oxygen  free  atmosphere  process.  The 
maximum  ZT  value  was  almost  1.0. 

Moreover,  it  was  demonstrated  that  the  improvement  in 
figure  of  merit  value  was  obtained  even  if  the  intermixed 
powder  of  elements  was  prepared  by  a  conventional  ball 
milling  process  in  stead  of  the  high  energy  ball  milling 
process.  The  PIES  methods  using  a  low  energy  ball  milling 
process  is  suitable  for  mass-production  because  of  its  cost 
efficiency. 

Introduction 

Thermoelectric  materials  are  eagerly  being  developed  for 
power  generation  by  utilizing  the  low-temperature  waste  heat 
from  garbage  furnaces  or  factory  waste.  For  such  power 
generation  purposes,  the  cost  reduction  for  thermoelectric 
modules  is  one  of  the  important  factors.  Therefore  we  are 
aiming  at  1$  for  1W  electric  power  generation. 

Bi-Sb-Te  thermoelectric  modules  are  generally  fabricated 
by  conventional  single  crystal  growth,  but  such  fabrication 
processes  provide  materials  with  low  mechanical  strength  and 
they  are  difficult  to  upscale  for  mass-production. 

Therefore  we  developed  an  improved  fabrication  process 
based  on  PIES  (Pulverized  and  Intermixed  Elements 
Sintering)  method  in  which  powder  metal  was  used  and 
crystallized  by  hot  pressing  without  melting.fi,  2,  3,  4]  P 
type  thermoelectric  elements  fabricated  by  the  PIES  method 
in  an  oxygen  free  atmosphere  indicated  a  high  figure  of  merit 
and  high  mechanical  strength.  This  process  is  suitable  for 
mass-production  and  larger  size  module  fabrication  by  using 
conventional  low  energy  ball  milling. 


Experimental  procedure 

The  raw  materials  used  were  the  single  powder  metals  of 
Bi,  Sb,  Te  (purity:  over  99.999%)  with  the  mean  particle  size 
smaller  than  lOOum.  The  specified  amounts  of  raw 
materials  were  weighed  out,  placed  in  a  ball  milling  bottle 
with  YSZ  (Yttrium  Stabilized  Zirconium,  Zr02  95%)  balls, 
and  sealed.  These  processes  were  executed  inside  a  high 
purity  nitrogen  atmosphere  (purity:  over  99.999%).  More 
specifically,  we  used  a  glove  box  which  could  be  evacuated 
and  we  substituted  nitrogen  for  air.  The  composition  of  p- 
type  materials  used  was  (Bi2Te3)o.i7s(Sb2Te3)o.825  and  with 
no  dopant  material.  This  composition  rate  has  been  found 
to  be  most  suitable  in  obtaining  a  high  figure  of  merit.[5] 
They  were  mixed  and  pulverized  for  20  hours  using  a 
conventional  ball  milling  process. 

The  ball  milled  powder  was  placed  into  the  press  mold 
which  was  made  of  alloy  tool  steel,  again  applying  the  high 
purity  nitrogen  atmosphere.  They  were  then  heated  to 
500 °C  for  almost  I  hour  in  the  preheating  furnace.  At  the 
temperature  of  500  °C,  hot  pressing  took  place  for  1  minute. 
Five  pressure  conditions  were  applied  such  as  25,  50,  100, 
200,  300  MPa.  After  pressing,  the  hot  pressed  sample  was 
immediately  taken  out  from  the  mold  and  quenched.  The 
sample  size  was  45mm  in  diameter  and  almost  10mm  thick. 


Result 

Resistivity  was  measured  by  4-terminal  method  with  the 
applied  voltage  of  alternately  turned  DC  100mA  in  order  to 
compensate  the  effects  on  the  sample  by  temperature 
difference  due  to  Peltier  effect.  Figure  1  presents  the 
electric  resistivity  to  the  press  direction.  At  the 

temperature  of  300K,  the  values  are  almost  the  same  and 
sufficiently  low  at  0.80~0.87xl0-  5  Q*m  regardless  of  the 
pressure. 

Seebeck  coefficient  was  calculated  by  thermoelectromotive 
force  measured.  A  sample  was  inserted  into  a  Nb  electrode 
20mm  in  diameter.  The  temperature  difference  of  10 
Kelvin  was  provided  to  the  press  direction.  Figure  2 
presents  the  Seebeck  coefficients.  Their  values  are  higher 
than  2x10  - 4  V/K  at  the  higher  temperature  region. 
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Thermal  conductivity  [W/mK]  Seebeck  coefficient  [pV/KJ  Resistivity  [p  Qml 


Temperature  [K] 


Fig.  1  Electric  resistivity 


Temperature  [K] 


Fig.  2  Seebeck  coefficient 
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Fig.  3  Thermal  conductivity 


Thermal  conductivity  was  calculated  with  thermal 
diffusivity  measured  by  the  laser  flash  method  and  specific 
heat  measured  by  adiabatic  scanning  calorimetry.  Figure  3 
shows  the  thermal  conductivity.  They  are  between  1.2~ 
1.5  W/m*K. 

According  to  such  data,  the  figure  of  merit  was 
calculated  and  exhibited  in  Figure  4.  They  were  almost 
equal  regardless  of  pressure,  but  it  was  slightly  larger  at  the 
high  pressure  condition  of  300MPa.  The  maximum  ZT 
value  of  1.01  was  obtained  at  the  temperature  of  450K  with 
300MPa  pressure. 


Temperature  [K] 


Fig.  4  Figure  of  Merit 

The  above  thermoelectric  properties  were  almost  the 
same  regardless  of  the  direction,  vertical  or  horizontal. 
The  obtained  hot  pressed  bodies  were  sufficiently  dense  and 
the  relative  densities  were  almost  97~98%  in  all  cases  as 
exhibited  in  Table  1. 


Table.  1  Relative  density 

Pressure 

Specific  gravity 

Relative  density 

25  MPa 

6.508  g/cm3 

96.9  % 

50  MPa 

6.537  g/cm3 

97.4  % 

100  MPa 

6.538  g/cm3 

91 A  % 

200  MPa 

6.591  g/cm3 

98.2  % 

300  MPa 

6.558  g/cm3 

97.7  % 
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Discussion 

Figure  5  shows  X-ray  diffraction  patterns  of  powder 
after  ball  milling  process  and  hot  pressed  samples. 
Diffraction  peaks  of  single  metals  of  Bi,  Sb  and  Te  were 
observed  in  a  ball  milled  powder.  But,  diffraction  peaks 
of  oxides  were  not  observed.  On  the  other  hand  in  hot 
pressed  samples,  there  were  diffraction  peaks  of  solid 
solutions  in  stead  of  single  metals.  These  patterns  of  hot 
pressed  results  were  almost  the  same  regardless  of  the 
pressure. 
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Fig.  5  X-ray  diffraction  patterns  of  podwer 

after  ball  milling  and  hot  preessed  samples 


Up  to  now,  mechanical  alloying  (MA)  was  normally 
performed  in  order  to  accelerate  the  crystallization.  In  this 
experiment,  press  time  is  as  short  as  1  minute,  but  if  the 
following  conditions  were  satisfied,  crystallization  is 
sufficient.  That  is  to  say,  (1)  oxygen  free  process,  (2) 
uniformity  mixed  fine  particles,  (3)  exact  stoichiometric 
composition.  In  other  words,  MA  is  not  an  essential 
condition  in  PIES  process. 

Figure  6  shows  carrier  concentration  and  electric 
resistivity  graph.  All  of  the  carrier  concentrations  were 
within  3— 4xl019cnr  3  which  is  the  most  suitable  region. 


Also,  hole  mobility  is  as  high  as  200  cm2/V*sec  at  all 
samples.  Electric  resistivities  obtained  are  0.8— 0.9x10- 5 
Q*m  which  is  as  low  as  single  crystal’s  value  0.91x10'  5 
Qm[6],  0.89x10-  5Qm[7]  reported.  The  resistivity  is 
related  to  oxygen  contents,  and  higher  oxygen  density  makes 
higher  resistivity. 


Fig.  6  Carrier  concentration  and  electric  resistivity 

The  quantitative  analysis  of  oxygen  of  hot  pressed 
sample  was  done  by  inert  gas  carrier  melting  infrared 
absorptionmetric  method.  The  value  obtained  was  820ppm. 
As  our  measured  data,  it  is  not  as  low  as  lOOppm  of  single 
crystal  result,  but  it  is  low  enough  as  compared  with 
3,900ppm  of  the  conventional  process  result  without  using 
glove-box.  The  wet  ball  milling  method  using  such  as 
ethanol  as  a  solvent  contained  a  rather  higher  oxygen  density 
of  26,500ppm.[8] 

Dr.Tokiai  reported  the  oxygen  was  concentrated  at  the 
grain  boundary[3].  So,  it  is  shown  that  the  fully  controlled 
oxygen  free  PEES  method  makes  crystallization  proceed 
easily  because  of  the  no  precipitate  at  the  grain  boundary. 
Therefore,  if  the  oxygen  concentration  is  low  enough,  this 
leads  to  low  electric  resistivity  and  a  high  figure  of  merit  in 
these  press  conditions. 

Figure  7  shows  the  SEM  image  of  powder  after  ball 
milling.  They  were  mostly  ground  to  fine  particles  with 
irregular  shape.  The  milling  process  for  20hours  made  the 
average  sizes  below  lOum.  Figure  8  and  9  show  the  SEM 
images  of  hot  pressed  samples  cut  parallel  and  vertical  to  the 
press  direction,  respectively.  The  grains  grew  considerably 
to  several  micrometers  up  to  20um  after  only  1  minute  hot 
pressing.  There  is  no  difference  independent  of  any 
direction  unlike  that  of  a  single  crystal. 
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Fig.  7  SEM  image  of  powder  after  ball  milling 


Fig.  8  SEM  image  of  hot  pressed  sample 
cut  parallel  to  the  press  direction 


Fig.  9  SEM  image  of  hot  pressed  sample 
cut  vertical  to  the  press  direction 


Generally,  there  was  strong  orientation  dependence  in 
electrical  characteristics  in  the  case  of  using  pulverized  Ingot. 
However,  the  PIES  method  using  single  powder  metals  has 
no  orientation  dependence  as  expected  in  SEM  image  and 
electrical  characteristics.  Therefore,  there  is  big  advantage 
in  that  it  is  not  necessary  to  arrange  direction  properly  in 
assembling  the  module. 

Conclusions 

A  high  figure  of  merit  non-oriented  p-type  Bi-Sb-Te 
thermoelectric  element  was  realized  by  the  PIES  method 
applying  conventional  ball  milling  process.  The  maximum 
ZT  value  is  almost  1.0  at  the  temperature  of  450K. 

The  mechanical  alloying  (MA)  process  is  not  always 
necessary  for  crystallization  in  the  PIES  methods. 
However,  there  is  a  more  important  factor,  that  is  the  oxygen 
free  process.  An  oxygen  concentration  lower  than  1,000 
ppm  is  desirable. 

The  conventional  ball  milling  process  is  simple  and  easy. 
This  improved  process  needs  only  lower  energy  ball  milling, 
extremely  short  time  (almost  lmin)  and  low  pressure  (below 
25MPa)  hot  pressing.  Therefore,  it  is  suitable  for  the 
industrial  fabrication  process  of  thermoelectric  module  for 
power  generation. 
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Abstract 

Epitaxial  films  of  n-  and  p-type  (0001)BhTe3  with  carrier 
concentrations  between  lxlO18  and  8xl019  cm-3  have  been 
grown  by  hot  wall  epitaxy  at  the  surface  of  mica. 
Granular  textured  films  have  been  grown  on  barium 
fluorine  substrates.  A  regular  system  of  growth  steps  of 
1  ran  height  was  observed  at  the  surface  of  the  BhTe3  films 
grown  on  mica  at  600K.  The  spirals  (  m  *  106  cnr2 )  were 
detected  by  AFM  at  the  surface  of  the  thermoelectric  films 
when  substrate  temperature  was  increased  to  640K.  Steps 
at  the  surface  of  freshly  cleaved  BaF2  substrate  promote 
the  formation  of  a  grains  in  the  BhTe3  film  and  rough 
surface.  The  a  2a  for  the  BhTe3  films  with  electron  and 
hole  conductance  at  300K  was  in  the  range  40-60  pWcm- 
<K-2. 


Introduction 

Thermoelectric  materials  based  on  bithmuth  telluride 
possess  the  highest  values  of  figure  of  merit  Z  =  a2a/%  [1] 
(T=300K),  a  -  Seebeck  coefficient,  a  -  electrical 
conductivity,  and  %  -  thermal  conductivity.  Polycrystalline 
thin  films  of  bithmuth  chalcogenides  have  been 
successfully  used  to  fabricate  thermoelectric  micro 
generators  and  micro  coolers  [1].  Scattering  of  phonons 
and  electrons  at  grain  boundaries  and  interfaces  might 
dramatically  influence  the  heat  and  charge  carrier 
transports  in  ceramic  samples  and  thin  films  [2]. 

Single  crystalline  (Bi,Sb)2(Te,Se)3  films,  combined  with 
thin  dielectric  layers  in  epitaxial  multilayer 
heterostructure,  look  attractive  for  development  of  a  new 
thermoelectric  materials  with  improved  Z  [3].  To  enhance 
the  product  of  a2  a  for  the  multilayer,  thin  dielectric 
layers  have  to  be  inserted  equidistantly  into  the 
thermoelectric  film  with  a  separation  of  a  few  Bi2Te3  unit 
cells. 

Processing  conditions  (substrate  temperature  Ts, 
composition  of  the  vapor  phase)  as  well  as  the  state  of  the 
substrate  influence  dramatically  the  (Bi,Sb)2(Te,Se)3  film 
structure.  To  grow  the  (Bi,Sb)2(Te,Se)3  epitaxial  film  in- 
situ,  the  substrate  temperature  Ts  has  to  be  fixed  in  the 
range  300  -  450C  [4].  Because  of  intensive  re  evaporation 
of  chalcogen  from  the  surface  of  the  growing  layer, 
magnetron  sputtering  as  well  as  flash  and  e-gun 
evaporation  are  ineffective  for  formation  of  high  quality 
(Bi,Sb)2(Te,Se)3  films  at  Ts  >  250C.  Hot  wall  epitaxi  [5] 
was  successfully  used  to  eliminate  uncontrollable  loss  of 


Te  during  the  growth  of  BbTe3  and  Bio.5Sb1.5Te3  films  at 
high  T$  [4]. 

To  combine  BhTes  films  with  dielectric  layers  in 
multilayer  heterostructure,  there  has  to  be  a  small 
mismatch  in  lattice  parameters  and  thermal  expansion 
coefficients  of  the  thermoelectric  and  insulating  material. 
The  insulating  layers  have  to  be  grown  at  about  the  same 
processing  conditions  as  the  thermoelectric  ones.  Chemical 
interactions  between  BhTe3  and  intermediate  dielectric 
layers  have  to  be  negligible. 

Features  of  growth  and  doping  of  epitaxial  BhTe3  films 
are  topics  of  this  study. 

Experimental  procedure 

BhTe3  films  with  a  thickness  of  0.05  -  20  pm  were  grown 
by  hot  wall  epitaxy  [4],  A  p-type  (  hole  concentration  - 
3xl019  cm-3 )  BhTe3  single  crystal  was  used  as  source 
material.  The  vapor  phase  formed  during  the  BhTe3 
powder  (  ~  500x500x30  pm  )  sublimation  in  carbon 
crucible  was  directed  by  "hot  wall"  towards  the  substrate. 
Thin,  freshly  cleaved  plates  of  (OOOl)mica  and  (111)  BaF2 
were  used  as  substrates.  The  surface  of  the  mica  was 
atomically  flat,  but  a  high  density  of  a  steps  was  detected 
by  AFM  at  the  surface  of  the  barium  fluorine.  The 
substrate  temperature  Ts  during  film  growth  was  fixed  in 
the  range  570  -  670K. 

The  structure  and  the  phase  composition  of  the  films  were 
investigated  by  x-ray  diffraction  Philips  PW  1710  (0/20). 
The  in-plain  orientation  of  the  films  on  the  substrate  was 
investigated  by  electron  micro  diffraction. 

The  surface  morphology  was  investigated  by  Atomic 
Force  Microscopy  (AFM). 

To  optimize  the  charge  carrier  density  in  the 
thermoelectric  film,  a  separate  source  of  tellurium  was 
inserted  in  the  growth  chamber. 

The  cf,  a  and  Hall  coefficient  Rx  of  the  Bi2Te3  films  were 
measured  in  the  temperature  range  77  -  500K. 

Experimental  results 

c-axis  ( [0001]Bi2Te3  normal  to  substrate  surface)  films  of 
Bi2Te3were  grown  epitaxially  at  the  surface  of  (OOOl)mica, 
Fig. la.  The  films  grown  on  (lll)BaF2  were  well  c-axis 
oriented  and  possess  preferential  orientation  of  the  grains 
in  axb  plain.  The  grain  sise  was  in  the  range  0.5  -3  pm. 
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The  CuKa  doublet  for  (000.21)  diffraction  peak  was  well 
resolved  for  BhTe3  films  (T$  =  600  -  640K ),  Fig. lb. 


mica  at  600K.  The  c-axis  lattice  parameter  for  p-Bi2Te3 
film  grown  at  T$  =  600K  (c=  30.45 3A)  was  decreased  as 
compared  with  the  data  for  the  bulk  single  crystals  [  1] . 
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Fig.l.  X-ray  CuKa,  0/20  scan  for  p  -BhTes  film  (d  =  500 
nm)  grown  on  mica  substrate  at  600K  (a),  (000.2  l)BhTe3 
peaks  for  Bi2Te3  films  grown  on  mica  substrate  (b)  at 
640K  (1)  and  600K  (2) 

The  Full  Width  at  Half  Maximum  (FWHM)  for  the 
(000.21)  x-ray  peak  was  about  0.07°  for  the  film  grown  on 
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Fig.2  Regular  system  of  steps  was  observed  by  AFM  at 
the  surface  of  the  (0001)Bi2Te3  grown  on  mica  at  (a)  Ts » 
600K  ,  spirals  were  detected  at  the  surface  of  the  films 
grown  on  mica  at  640K  (b).  Because  of  granular  structure, 
surface  of  the  films  grown  on  (lll)BaF2  at  600K  was 
rough  (c) . 
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The  FWHM  of  the  x-ray  peaks  as  well  as  c-axis  parameter 
(30.463A)  of  the  BhTe3  films  increased  essentially  when  Ts 
was  increased  up  to  640K.,  see  Fig. lb.  The  increase  in  the 
c-axis  parameter  might  be  attributed  to  a  higher 
concentration  of  the  anti  site  deffects  (Bi  replaced  by  Te) 
in  the  films  grown  at  higher  Ts.  Bi  atom  possess  larger 
covalent  radius  as  compared  with  Te  one.  An  increase  of 
c-axis  parameter  for  the  BkTe3  films  with  increase  of  the 
Ts  is  well  correlated  with  higher  hole  concentration,  see 
Fig.3a,  and  increase  of  FWHM  of  x-ray  peaks,  Fig.Ib. 
Traces  of  (1015)  x-ray  peaks  were  detected  in  the  x-ray 
scans  for  BhTe3  films  grown  on  BaF2. 

A  regular  system  of  steps  with  a  height  1  nm  was 
observed  by  AFM  at  the  surface  of  the  thermoelectric 
films  grown  on  mica  at  Ts  ~  600K,  Fig.2a.  The  separation 
between  an  adjacent  steps  L,  dependent  from  Ts,  at 
TS=600K  L«200  nm.  Due  to  a  growth  of  spirals,  the 
(0001)BhTe3  film  surface  became  rough  when  the  Ts  was 
increased  up  to  640K,  Fig.2b.  The  density  of  screw 
dislocations  m  was  about  10s  cm2. 

The  (0001)BhTe3  films  grown  on  (lll)BaF2  were  well  in¬ 
plain  oriented,  but  there  was  small  (few  degrees)  mis 
orientation  of  the  grains  relative  the  substrate  normal.. 

As  follow  from  the  Hall  data,  the  BhTe3  films  grown  at 
Ts=300  -  400C  possessed  hole  (p-type)  conductivity  with 
hole  concentration  between  lxlO18  cm-3  and  8xl019  cm-3. 
An  excess  of  tellurium  was  induced  into  the  vapor  phase 
from  a  separate  source  to  grow  BhTe3  films  with  electron 
(n-type)  conductivity. 


Discussion 

A2VB3VI  thermoelectric  materials  have  layered  structures  . 
The  layers  consist  of  the  atoms  of  the  same  sort.  In  the 
case  of  BhTe3,  the  layers  along  the  c-axis  alternate  in  the 
following  sequence:  -  Bi  -  Te1  -  Te1  -  Bi  -  Te2  -  Bi  -  Te1  - 
Te1  -  Bi  -  [1].  Five  layers  Te'  -  Bi  -  Te2  -  Bi  -  Te1  are  called 
quintet.  An  interaction  of  Te1  atoms  at  the  boundary  of 
an  adjacent  quintets  is  weak  -  Van  der  Waals  type  [  1  ] . 

Evaporation  and  sublimation  of  the  bismuth  telluride  (8  - 
phase)  at  temperatures  around  the  melting  point  are 
accompanied  by  dissociation  of  the  BhTe3  molecules  [1] 

BhTe3  =>  2BiTe  |  sol  +  l/2Te2 1  vap  (1) 

There  is  an  essential  difference  in  partial  pressures  of 
tellurium  and  BiTe  at  temperatures  in  the  range  400  - 
500C.  The  BiTe  (y  -  phase)  are  sublimated  congruently. 

The  anisotropy  of  the  surface  free  energy  and  growth  rate 
influence  essentially  the  orientation  of  stable  BhTe3  nuclei 
and  determine,  to  a  large  extend,  the  orientation  of  the 
film  on  the  substrate. 

The  variation  of  the  Gibbs  free  energy  AG  of  the  system 
-  vapor  phase  -  substrate  -  nuclease  during  nucleation 
may  be  presented  as 

AG  =  dGvV  +  yiSi  +  ( 72  -  73  +  E  )S2  +  pidNi  (2) 


dGv  -  variation  of  the  volume  free  energy  during  the 
formationof  of  nucleus,  V  -  nucleus  volume,  71,  72  and  73  - 
surface  free  energies  of  the  nucleus  surface, 
substrate/nucleus  interface  and  substrate  surface,  Si  and 
S2  -  nucleus  surface  and  nucleus/substrate  interface  area, 

E  -  elastic  strain  energy  of  the  nucleus/substrate  system, 
pi=  dAG/dNi|v,si ,  Ni  -  number  of  the  BkTe3  molecules  in 
the  nucleus. 

Due  to  a  low  value  of  the  yiSi  for  heavily  packed  (0001) 
planes  of  BkTe3,  c-axis  oriented  nuclei  became  stable  at 
first  and,  thus,  determine  BkTe3  film  orientation  under 
condition  of  high  mobility  of  the  condensed  particles.  The 
in-plain  orientation  of  the  nuclei  is  determined  by 
minimization  of  the  elastic  strain  energy  of  the  system 
nucleus/substrate.  Because  of  weak  interaction  of  the 
atoms  at  the  boundary  of  quintet,  BhTe3  films  might  be 
grown  epitaxially  on  a  substrate  having  a  large 
mismatch  (  Aa  »  10%  in  the  case  of  BkTe3  film  on 
(OOOl)mica ). 

The  hexagonal  plane  lattice  of  atoms  at  the  surfaces  of 
(OOOl)mica  and  (lll)BaF2  promotes  in-plane  alignment 
of  the  (0001)BhTe3  nuclei. 

Due  to  a  small  mismatch  for  (0001)BhTe3  and  (lll)BaF2 
(Aa  «  1),  BkTe3  nuclei  are  well  in-plain  oriented.  Steps  at 
a  substrate  surface  might  promote  formation  of  a  grains 
with  an  inclination  of  c-axis  relative  to  the  normal  to  the 
substrate  plane  and  a  formation  of  a  net  of  two  - 
dimensional  defects  in  the  thermoelectric  film  volume. 

The  layer  by  layer  growth  mode  is  realized  during  BkTe3 
film  growth  on  mica  substrates  at  temperatures  about 
600K  as  follow  from  x-ray  and  AFM  data,  see  Fig.l  and 
2a.  The  step  height  is  equal  to  the  quintet  thickness  (  ~  1 
nm).  It  is  a  BkTe3  surface  terminated  by  Te1  atoms 
(quintet  boundary)  which  possess  the  lowest  values  of  the 
surface  free  energy.  A  high  mobility  of  condensed  particles 
and  close  to  stoichiometric  composition  of  a  adsorbed 
phase  are  necessary  to  accomplish  a  layer  by  layer  growth 
of  the  BhTe3.  Due  to  an  intensive  tellurium  re 
evaporation  from  the  surface  of  the  growing  film,  the 
adsorbed  phase  is  deficient  in  chalcogen  at  Ts  >  640K. 
Micro  inclusions  of  secondary  phases  at  the  film  surface 
are  responsible  for  nucleation  of  the  screw  dislocation  and 
film  growth  with  a  spirals. 

The  c-axis  for  BhTe3  nuclei  formed  near  the  steps  at  the 
surface  of  a  freshly  cut  BaF2  substrate  might  be 
essentially  inclined  relative  to  the  substrate  normal. 
Because  of  low  growth  rate  for  a  BkTej  along  the  c-axis, 
there  is  essential  difference  in  the  sizes  for  c-axis  oriented 
grains  and  those  with  inclined  c-axis.  Steps  at  BaF2 
substrate  surface  combined  with  anisotropy  of  BkTe3 
growth  rates  promote  formation  of  a  films  with  rough 
surface,  see  Fig.2c. 

Layer  by  layer  growth  of  BkTe3  films  might  be  followed 
by  a  tree  dimensional  one  in  the  case  of  a  low  mobility  of 
adsorbed  particles.  A  (1015)  oriented  grains  were  detected 
by  x-ray  in  the  BkTe3  films  grown  at  TS<570K. 

The  charge  carrier  concentration  in  the  p-  and  n-type 
BkTe3  films  was  essentially  dependent  of  Ts  and  the 
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tellurium  super  saturation  in  the  growth  chamber.  By 
varying  Ts  and  the  temperature  of  separate  tellurium 
source,  it  was  possible  to  optimize  charge  carrier 
concentration  in  the  films,  see.Fig.3a. 

As  result  of  tellurium  selective  re  evaporation,  from  the 
regions  near  the  grain  boundaries,  net  of  "channels" 
deficient  with  chalcogen  might  be  formed  in  the  poly 
crystalline  thermoelectric  film  grown  at  high  Ts  (Ts  > 
550K).  Tellurium  deficient  grain  boundaries  do  not 
interfere  essentially  a  hole  mobility  in  the  BhTe3  films  but 
the  "channels"  are  a  potential  barriers  for  an  electrons. 

In  the  absence  of  degeneracy  it  have  been  found  that  hall 
mobility  of  charge  carriers  in  the  p-  and  n-  type  BhTe3 
films  grown  on  mica  at  Ts  =  600K  was  proportional  to  T- 
18  and  T-2-3  respectively  (T  =  100  -300K).  Due  to  higer 
mobility  of  electrons  as  compared  with  that  for  holes, 
Seebeck  coefficient  for  an  epitaxial  BhTe3  films  is  negative 

in  the  case  of  intrinsic  conditions,  see  Fig.3a.  Because  of 
potential  barriers  at  a  grain  boundaries  ,  electron 
mobility  in  n-type  BhTe3  films  grown  on  (lll)BaF2  was 
suppressed  and  da/dT  was  positive.  The  power  parameter 
for  the  best  n-  and  p-type  BhTe3  films  was  in  the  range 
40-60  pWcm-'K-2,  see  Fig.2  and  3. 

Conclusion 

A  layer  by  layer  growth  mode  may  be  realized  for  the 
BhTe3  film  on  mica  substrate  under  condition  of  a  high 
mobility  of  condensed  particles  and  a  closed  to 
stoichiometric  composition  of  the  adsorbed  phase.  High 
quality  (0001)Bi2T3  epitaxial  films  with  smooth  surface 

a) 


b) 


200  400  600 


Temperature  ,  K 


Fig.3.  Temperature  dependencies  of  Seebeck  coefficient  a 
(a)  and  electrical  conductivity  ct  (b)  for  the  -  Bi2Te3  films 
grown  by  hot  wall  epitaxy  on  (OOOl)mica  substrate.  1,2  -  p- 
type  films  grown  at  Ts  =  600K  and  640K  respectively,  3,4  - 
n-type  films  grown  at  Ts  =  600K  To  grow  films  with  electron 
conductivity,  vapor  phase  was  enriched  by  Te  .  Tellurium 
source  temperature  during  the  film  formation  was  fixed  at 
720K  for  (3)  and  740K  for(4) . 

might  be  grown  by  hat  wall  epitaxy  on  a  mica  substrates 
at  temperatures  around  600K.TTie  concentration  of 
electrons  and  holes  in  the  films  can  be  optimized  by 
varying  T$  and  the  tellurium  super  saturation  in  the 
growth  chamber. 
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Abstract 

(Bi,_xSbx)2Te3  films  of  about  1  pm  thickness  were  deposited  on 
Kapton  substrates  by  means  of  DC  magnetron  sputtering.  Four 
different  targets  were  used  with  compositions  according  to 
(Bit.xSbx)2Te3  +  20  at%  Te  and  x=0,  0.5,  0.75  and  0.85. 

The  temperatures  of  substrates  Ts  and  of  a  hot- wall  environment 
Te  were  altered  in  the  range  of  220.. .320  °C  and  150.. .390  °C, 
respectively.  A  previous  paper  [1]  pointed  out  that  any 
oversupply  between  5  and  50  at%  Te  is  sufficient  for  achieving 
nearly  stoichiometric  films  in  the  range  of  substrate  temperature 
of  interest. 

Composition  and  crystalline  structure  were  studied  using  WDX, 
SEM  and  XRD.  Films  grown  at  Ts  <  290°C  had  rough  surfaces 
and  week  texture.  Above  Ts  =  290°C  the  films  were  strongly 
(0  0  n)  textured  and  had  smooth  surfaces.  Annealing  at  300  or 
350°C  increased  the  size  of  the  crystallites  but  their  orientation 
was  unchanged.  This  behaviour  was  independent  on  the 
composition  x. 

The  transport  properties  depend  significantly  on  Sb-Bi  ratio  x, 
substrate  and  environment  temperatures  and  annealing.  High 
carrier  mobilities  could  only  be  achieved  together  with  low 
carrier  concentrations  and  at  Ts  «  250°C  after  annealing.  Films 
best  suited  for  thermoelectric  applications  (highest  power  factor 
at  room  temperature)  had  the  composition  (Bi0 13Sb083)2Te3,  the 
conductivity  o=l  140  Q'1cm'1,  the  carrier  mobility  p=360cm2/Vs 
and  the  Seebeck  coefficient  S=182pV/K. 

Introduction 

The  development  of  high  quality  Bi2Te3  type  films  for 
miniaturized  thermoelectric  applications  is  a  technological 
challenge.  Apart  from  a  high  figure  of  merit  Z,  there  are  some 
additional  requirements  to  fulfill.  Mechanically  stable  and 
highly  adhesive  films  are  needed  for  photolithographic 
patterning.  If  possible,  the  film  deposition  process  should  be 
cheap  and  easy. 

Using  flash  evaporation  technique  [2, 3]  or  hot  wall  epitaxy  [4], 
it  is  possible  to  achieve  Z*  3  T  O^K'1  for  p-type  material,  wich  is 
the  same  as  in  state-of-the-art  bulk  material.  However,  these 
deposition  methods  are  not  good  suited  for  an  industrial 
production  process,  because  they  are  difficult  to  control  or  use 
very  high  substrate  temperatures. 

In  this  paper,  we  report  new  promising  results  of  sputtered 
(Bi1.xSbx)2Te3  films.  Magnetron  sputtering  is  an  established  high 
deposition  rate  technique,  which  can  produce  films  of  high 
adhesivity. 

It  is  well  known,  that  the  thermoelectric  properties  of 
(Bi,Sb)2Te3  are  mainly  determined  by  the  deviation  from  the 
stoichiometric  composition.  Earlier  investigations  on  sputtered 


V2VI3  semiconductor  films  [6,7]  showed  a  lack  of  Tellurium  of 
several  at%,  probably  caused  by  different  sticking  coefficients 
of  the  elements  and  preferential  resputtering  during  the  film 
growth.  A.  Wagner  et  al.  [8]  used  sputtering  targets  of  the 
composition  (Bi,Sb)2Te4  to  avoid  this  problem. 

Figure  1  shows  results  of  high  precision  wave-length  dispersive 
X-ray  analysis  (WDX)  from  our  preliminary  experiments  on 
(Bi023Sb073)2Te3  films  (see  [1]  for  details).  The  curves  have  a 
plateau  between  220  and  300°C.  Within  this  region,  Te 
concentration  does  almost  not  depend  on  the  oversupply  in  the 
vapour  phase  and  only  very  slightly  depend  on  the  substrate 
temperature.  However,  the  Te  content  is  about  0.5  at%  too  small 
which  results  in  rather  high  carrier  concentrations  and  low 
Seebeck  coefficients. 


oversupply  in  the  vapour  phase  in  sputtered 
(Bi0  23Sb0  73)Te3  films  (without  heated  shield) 

The  aim  of  our  following  work  was,  to  overcome  this  problem 
and  to  use  the  concentration  plateau  for  developing  a  stable 
deposition  process  of  high  quality  thermoelectric  (Bi,_xSbx)2Te3 
films. 

Film  preparation 

Films  of  1...2  pm  thickness  were  deposited  on  130pm  Kapton 
substrates  using  a  90  mm  magnetron  source  at  low  argon 
pressure  (3T0'3mbar)  and  a  deposition  rate  of  about  1  nm/s.  The 
background  pressure  in  the  vacuum  chamber  was  10'5  mbar. 
Sputtering  source  and  substrate  were  surrounded  by  a  cylinder 
of  the  “environmental”  temperature  Te  (see  figure  2). 

Extensive  work  was  done  for  measuring  and  controlling  the 
temperature  Ts  of  the  substrate  foils,  because  this  is  the  most 
important  parameter  which  influences  the  film  properties.  A 
constant  temperature  over  a  large  area  was  achieved  with  the 
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Fig.  2: 
schematic 
view  of  the 
sputtering 
arrangement 

help  of  a  “black”  radiation  heater  close  to  the  substrate.  During 
film  growth,  Ts  was  held  constant  with  an  error  of  ±10K,  at  the 
beginning  it  was  about  20K  lower. 

Sputtering  targets  of  the  composition  (Bi1.xSbx)2Te3  +  20  at%  Te 
(x=0,  0.5,  0.75  and  0.85)  have  been  produced  by  a  melting 
process  from  99.999%  pure  material.  Sample  structures  for 
transport  measurements  were  made  by  photolithographic 
patterning  and  wet  etching.  Annealing  procedures  were  carried 
out  in  evacuated  ampoules  after  patterning  and  cutting  the 
samples. 

Results  and  discussion 


shutter 


sputtering  source 


heated 

shield 

<Te) 


f  radiation  heater 


-  substrate 

(Ts) 


Fig.  3:  SEM  micrographs  of  sputtered  (Bi1.xSbx)2Te3  films  on 
Kapton.  a)  TS=260°C ,  b)  TS=300°C 


Fig.  4:  XRD  pattern  corresponding  to  fig.3.  a)  TS=260°C  -  week  (0  0  n) 
texture,  additional  peaks  occur,  b)  TS-300°C  -  strong  (0  0  n)  texture 


Texture  and  morphology  of  the  films  are 
essentially  determined  by  the  substrate 
temperature  Ts  and  are  largely  independent  of 
the  Sb-Bi  relation  x.  Typical  samples  can  be 
seen  in  figure  3  and  the  corresponding  X-ray 
diffraction  pattern  in  figure  4.  Films  grown 
below  290°C  are  rough  and  more  or  less  dis¬ 
ordered  but  grown  at  TS=300°C  they  are  very 
smooth  and  strong  (0  0  n)  textured.  Even  higher 
growing  temperatures  are  not  suited  to  produce 
films  of  high  thermoelectric  quality  because  the 
Te  concentration  becomes  to  small  (see  fig.  2). 

Annealing  up  to  10  hours  at  300°C  or  350°C 
does  not  change  the  XRD  pattern  significantly, 
while  the  average  grain  size  of  disordered  films 
is  increased  by  a  factor  of  about  two. 

The  deviation  from  stoichiometry  at  a  certain  Ts 
can  be  influenced  by  the  shield  temperature  Te. 

Within  a  heated  environment,  the  reevaporated 
Te  atoms  are  not  immediately  pumped  away  by 
the  cold  chamber  but  remain  close  to  the  substrate.  That  results 
in  a  somewhat  higher  Te  content  in  the  film. 

This  effect  can  be  measured  as  an  increase  of  the  Seebeck 
coefficient.  Fig.  5  shows  the  thermopower  depending  on  the 
substrate  temperature  Ts  and  the  temperature  of  die  environment 
Te.  All  samples  have  been  annealed  after  deposition  in  the  same 
manner  (lh  350°C  or  3h  300°C).  In  conformity  with  the  slight 
decrease  of  the  Te  concentration  measured  by  WDX  (Fig.  1), 


the  thermopower  becomes  smaller  with  increasing  Ts.  Raising 
the  shield  temperature  Te  above  T  s  results  in  a  strong  increase 
of  the  thermopower  to  a  maximum  of  225  pV/K.  At  TS^300°C 
it  is  not  possible  to  build  enough  Tellurium  into  the  film 
anymore  for  getting  that  high  thermopower.  (The  last  point  at 
Te=390°C  is  probably  due  to  a  somewhat  to  high  Ts.)  The 
maximum  obtainable  Seebeck  coefficient  can  be  shifted  to 
250  pV/K  (see  figure  6)  through  longer  annealing,  this  value 
marks  the  solubility  boundary  of  Te  in  (Bi0  25Sb0  75)2Te3. 
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Fig.  5:  Thermopower  of  annealed  (Bi025Sb075)2Te3  films 
depending  on  substrate  and  environmental 
temperatures  Ts  and  Te 


Carrier  mobility 

Unfortunately  the  Seebeck  coefficient,  depending  on  the  Te 
concentration  via  carrier  concentration,  can  not  be  optimized 
without  affecting  the  carrier  mobility.  This  shall  be  discussed 
with  the  aid  of  fig.  6.  In  this  figure,  the  thermopower  S,  the 
conductivity  a,  the  thermoelectric  power  factor  S2o  and  the  Hall 
mobility  pH  of  a  large  amount  of  samples  (all  data  available) 
with  different  growing  conditions  (220°C  <  Ts  ^  300°C,  30°C 
<  Te  <  390°C,  annealed  1...10h  at  350°C)  are  plotted  versus 
l/epH.  This  term  represents  approximately  the  carrier  concen¬ 
tration  p  which  is  related  to  the  Hall  coefficient  pH  according 

Ph=  7p  Rh  B‘r 

(Rh  is  the  scattering  factor  and  Beff  an  effective  structure  factor 
calculated  from  the  tensor  components  Bijk  according  to  the  film 
texture.)  For  a  comparison  with  the  well  known  properties  of 
single  crystals,  theoretical  curves  have  been  calculated  based  on 
experimental  data  of  a  Bridgman  grown  (Bi0  25Sb075)2Te3  sample 
from  [10],  using  the  Drabble- Wolfe  model  [9]  (6  valley  valence 
band,  parabolic  energy  dispersion,  pure  carrier  scattering  on 
acoustic  phonons)  and  the  model  parameters  (effective  masses 
and  density-of-states  mass,  structure  and  scattering  factor  of 
Hall  coefficient,  relaxation  time)  published  in  [10].  The  model 
parameters  for  nontextured  polycristals  were  calculated  as  an 
average  over  the  three  directions  in  space. 

From  fig.  6  some  remarkable  facts  can  be  seen: 

(i)  All  data  points  (except  x=T).85)  including  references  are 
well  arranged  along  curves,  despite  the  large  differences  in  their 
growth  conditions,  morphology  and  texture. 

(ii)  The  thermopower  is  very  close  to  the  theoretical  curves, 
while  the  conductivity  and  hence  the  power  factor  are  lower. 

(iii)  Usually  the  Hall  mobility  is  about  two  times  lower 
compared  to  the  single  crystals  model.  At  low  carrier 
concentrations,  however,  there  is  a  strong  increase  and  the 
mobility  matches  its  theoretical  limit. 


Fig.  6:  Thermoelectric  properties  of  sputtered  (Bi^Sb  )  Jq  3 
films  vs.  carrier  concentration.  O  x=0.75,  ^  x=0.85, 
▲  x=0.75  (Ref.  [8]),  T  x=0.75  (flash  evaporated,  Ref. 
[3],  Theory  (x=0.75,  based  on  Refs.  [9,  10]): - non¬ 

textured,  —  (0  0  n)  textured 


This  effect  is  not  related  to  the  films  texture  as  one  would 
expect.  Well  oriented  samples  (i.  e.  fig.  3b  and  [8])  have  rather 
high  carrier  concentration  and  low  mobility,  and  less  textured 
rough  samples  (i.  e.  fig.  3a)  show  low  carrier  concentrations  and 
high  mobility.  We  suppose  that  it  is  related  to  the  solubility  of 
Tellurium  in  (Bii.xSbx)2Te3.  The  mobility  increases,  when  the  Te 
concentration  is  close  to  its  upper  solubility  limit.  Probably,  the 
growth  kinetics  is  responsible  for  this  effect,  but  details  are  not 
yet  known. 

Material  optimisation 

This  assumption  is  now  to  be  used  for  improving  the 
thermoelectric  properties  of  (Bi1_xSbx)2Te3  films.  The  theoretical 
maximum  of  the  power  factor  is  near  p=4T019cm"3  (fig.  6)  were 
the  carrier  mobility  attainable  is  just  low.  The  solubility  limit  of 
Te  can  be  shifted  to  lower  values  by  changing  to  a  higher  Sb-Bi 
ratio  x  [11].  We  expect  then  the  increase  of  the  mobility  to 
appear  already  at  higher  carrier  concentrations. 

Included  in  fig.  6  are  data  points  (*)  of  (Bi0  85Sb  0 A)  'Je  3 
samples.  They  show  indeed  the  expected  increase  of  the 
mobility  near  p~3T019cm'3.  This  results  in  significantly  higher 
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Fig.  7:  Thermopower  and  electrical  conductivity  vs.  tempera¬ 
ture  and  values  of  carrier  concentration  (textbox,  at 
200K)  of  sputtered  (Bi1.xSbx)2Te3  films  with  maximum 
mobility  (TS=260°C  and  Te=380°C) 


values  of  the  thermoelectric  power  factor. 

The  optimal  growth  conditions  for  achieving  the  highest 
mobility  and  lowest  carrier  concentration  (after  annealing  at 
350°C)  were  found  to  be  TS=260°C  and  Te=380°C.  In  fig.  7, 
thermopower  and  electrical  conductivity  of  (Bi1.xSbx)2Te3  films 
with  various  Sb-Bi  ratios  x  are  plotted,  which  are  grown  by 
magnetron  sputtering  under  these  conditions.  The  carrier 
concentrations  calculated  from  Hall  coefficient  at  200K  are 
given  in  the  legend. 

With  decreasing  x,  more  tellurium  is  incorporated  into  the  films 
and  the  hole  concentration  decreases.  At  x=0.5  the  film  is  nearly 
intrinsic  at  room  temperature,  and  low  conductivity  and  a  very 
high  thermopower  at  low  temperatures  is  observed.  For  x<0.5 
the  films  should  become  n-type,  which  is  verified  for  Bi2Te3 
(x=0). 

Conclusion 

The  well  established  sputtering  technique  was  used  to  produce 
(Bi,.xSbx)2Te3  films.  The  substrate  temperature  Ts  was  found  to 
be  the  most  important  deposition  parameter  which  influences 


both  texture  and  Te  concentration  of  the  films.  In  addition,  the 
incorporation  of  Te  could  be  influenced  by  a  heated 
environment. 

Films  of  high  crystalline  perfection  but  moderate  thermoelectric 
properties  have  been  grown  at  TS=300°C,  and  films  of  high 
thermoelectric  quality  but  rough  morphology  at  TS~260°C. 

As  a  result  of  the  investigation  of  a  large  amount  of  samples 
including  references  of  sputtered  and  flash  evaporated 
(Bi0  25Sb0  75)2Te3  films,  a  rule  can  be  formulated: 

A  high  carrier  mobility  within  the  films  can  be  achieved  only 
when  the  concentration  of  tellurium  is  maximum,  i.  e.  at  its 
upper  solubility  limit. 

Because  the  solubility  limit  of  Te  depends  on  the  Sb-Bi  ratio  x, 
the  carrier  concentration  can  be  easily  tuned  by  changing  x 
without  affecting  the  mobility.  Following  this  idea,  a  maximum 
power  factor  of  3.9H0'3WK'2m'1  was  realized  with  the 
composition  (Bi0 15Sb0  85)2Te3. 
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Abstract 

Thin  Bi2Te3  films  were  grown  on  Al203(0001)  substrates 
with  molecular  beam  epitaxy  (MBE).  X-ray  diffraction  (XRD) 
was  used  to  confirm  the  orientation  and  crystalline  quality  of 
the  films,  the  c-axis  was  oriented  normal  to  the  film  surface.  It 
was  found  that  the  full  width  at  half-maximum  intensity 
(FWHM)  of  diffraction  peaks  in  XRD  pattern  depends  on  the 
deposition  conditions  such  as  substrate  temperature  and  the 
flux  ratio.  The  reflection  high-energy  electron  diffraction 
(RHEED)  pattern  of  the  deposited  films  shows  a  streak  pattern 
at  the  initial  stage  of  growth.  Electrical  resistivity,  carrier 
concentrations  and  Hall  mobility  were  measured  in  the  tem¬ 
perature  range  from  77K  to  300K.  The  film  with  narrower 
FWHM  exhibited  a  lower  carrier  concentration  (5.1  X  1019  cm" 
3)  and  electrically  intrinsic  characteristics  around  room  tem¬ 
peratures.  For  the  first  time  a  clear  separation  of  slopes  of  the 
Hall  mobility  in  thin  Bi2Te3  film  is  observed.  On  the  other 
hand,  the  films  with  wider  FWHM,  which  have  higher  carrier 
concentrations,  exhibited  a  metallic  behavior.  The  electrical 
properties  are  closely  related  to  the  variation  of  FWHM  of 
diffraction  peaks  in  the  XRD  pattern. 


Introduction 

A  high  thermoelectric  figure  of  merit  (Z  =  a 2  o  /  k  )  leads  to 
a  high  performance  of  thermoelectric  devices  [1],  where  a 
is  a  Seebeck  coefficient,  a  is  an  electrical  conductivity,  and 
ac  is  a  thermal  conductivity.  Recently,  new  approaches  using 
superlattices  and  quantum-well  structures  of  semiconductors 
have  been  reported  to  improve  the  thermoelectric  figure  of 
merit  [2],  [3].  The  systems  of  Bi2Te3  compounds  have  attract¬ 
ed  considerable  attention  because  of  their  high  thermoelectric 
figure  of  merit  around  room  temperatures  [4],  so  that  super¬ 
lattices  and  quantum-well  structures  composed  of  Bi2Te3  films 
can  be  expected  to  have  an  improved  thermoelectric  figure  of 
merit.  It  is  well  known  that  the  thermoelectric  figure  of  merit 
is  strongly  related  to  the  carrier  concentration  [5].  So  it  is 
required  that  the  thin  films  in  their  structures  are  epitaxially 
grown,  which  are  expected  to  have  a  low  carrier  concentration. 
This  leads  us  to  investigate  optimization  of  carrier  concentra¬ 
tion  in  these  systems. 

Many  workers  have  reported  growth  of  thin  Bi2Te3  films  by 


several  methods  and  characterization  of  their  electrical  prop¬ 
erties.  For  example  thin  Bi2Te3  films  were  prepared  by  co¬ 
evaporation  [6],  sputtering  [7],  hot  wall  epitaxy  method 
(HWE)  [8]  and  flush  evaporation  [9].  However,  the  films  are 
polycrystalline  or  nonstoichiometric  resulting  in  high  carrier 
concentrations  at  room  temperature.  On  the  other  hand  Mzerd 
and  Charles  et  al.  reported  deposition  experiments  of  stoichi¬ 
ometric  thin  Bi2Te3  films  on  glass  [10],  single  crystal  Sb2Te3 
[1 1]-[13]  and  Si(l  11)  [14]  substrates  by  using  MBE,  however 
they  did  not  report  on  electrical  properties. 

In  this  paper,  we  present  the  crystal  structure  and  electrical 
properties  of  thin  Bi2Te3  films  grown  with  MBE  using  a 
Al203(0001)  substrate  which  has  a  small  lattice  mismatch 
(8%)  in  the  a-axis  plane  of  Bi2Te3.We  have  studied  the  be¬ 
havior  of  the  electrical  properties  as  a  function  of  full  width  of 
half  maximum  intensity  (FWHM)  in  diffraction  peaks  of  x-ray 
diffraction  (XRD)  pattern  in  order  to  investigate  the  correla¬ 
tion  between  film  structures  and  electrical  properties. 


Experimental 

We  have  grown  thin  Bi2Te3  films  by  using  molecular  beam 
epitaxy  (MBE).  Base  pressure  of  our  growth  chamber  is  kept 
below  5X10‘10Torr.  High  purity  (99.9999%)  bismuth  and 
tellurium  are  used  as  source  materials  that  are  treated  by  hy¬ 
drogen  deoxidization  method.  Al203(0001)  substrates  (12  mm 
X  12  mm  X  0.5  mm  t)  are  used  to  grow  the  films.  The  sub¬ 
strate  surface  is  prepared  by  chemical  etching  in  a  hot  solution 
of  85  %  phosphoric  acid  for  5  minutes,  thermal  treatment  at 
700  °C  for  lhr  and  950  °C  for  15  minutes  in  the  growth 
chamber  before  growth  [15].  The  Bi2Te3  thin  films  were 
evaluated  by  reflection  high-energy  electron  diffraction 
(RHEED)  during  the  growth  and  6-2  6  XRD  after  the 
growth.  The  film  thickness  was  then  measured  using  a  Salone 
surface  profilometer.  The  deposition  rate  of  thin  Bi2Te3  films 
was  controlled  to  be  0.5  A/sec.  The  typical  substrate  tem¬ 
peratures  are  170  °C  and  200  °C.  The  source  temperature  is 
held  constant  at  540  °C  for  bismuth  and  varied  between 
250  °C  and  280  °C  for  tellurium.  Table  I  shows  the  deposi¬ 
tion  conditions  of  thin  Bi2Te3  films  in  this  work.  A  beam  flux 
monitor  (BFM)  monitored  the  molecular  beam  flux  of  source 
materials.  Energy  dispersive  x-ray  spectroscopy  (EDX)  con- 
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firmed  the  composition  of  the  Bi2Te3  films.  Electrical  resistiv¬ 
ity  and  Hall  coefficient  were  measured  by  van  der  Pauw 
method  in  the  temperature  range  from  77K  to  300K  under 
high  vacuum  (10'5torr).  A  magnetic  field  of  3000  gauss  was 
applied  in  the  measurement  of  the  Hall  coefficient.  The  elec¬ 
trical  contacts  to  the  leads  were  made  through  Au  films  (500 
A),  which  were  deposited  by  conventional  vacuum  evapora¬ 
tion  using  a  suitable  metal  mask  on  to  the  Bi2Te3  films. 


TABLE  I  Deposition  conditions 


Sample 

Substrate 

Temperature 

(°C) 

Flux  ratio 

F(Te)/F(Bi) 

Thickness 

(A) 

Composition 

(at.%) 

A 

200 

3.1 

780 

Bi40Te6o 

B 

170 

2.6 

1000 

Bi4o^e60 

C 

200 

2.4 

860 

Bi42Te58 

Angle  20  [deg.] 


Fig.  2.  Variation  of  FWHM  of  (00018)  diffraction  peaks  for 
three  films  with  different  growth  conditions. 


Results  and  Discussion 

Epitaxal  growth  of  films  is  affected  by  the  surface  condition 
of  the  substrate.  In  our  experiments,  the  substrates  were  ther¬ 
mally  treated  after  chemical  etching.  Applying  this  treatment, 
we  obtained  a  clean  surface  of  the  Al203(0001)  substrate 
which  was  confirmed  by  the  RHEED  pattern.  During  growth 
of  Bi2Te3  films  initially  a  streak  pattern  is  observed,  which 
suggests  that  the  film  surface  is  very  smooth  and  that  epitaxal 
growth  of  thin  Bi2Te3  film  is  achieved. 

We  measured  the  electrical  resistivity,  carrier  concentration 
and  Hall  mobility  of  three  samples  which  were  prepared  under 
different  growth  conditions  and  investigated  the  correlation 
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Fig.  1.  XRD  patterns  of  thin  Bi2Te3  films  grown  on 
Al203(0001)  substrate. 
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Fig.  3.  Carrier  concentrations  (at  300  K)  of  thin  Bi2Te3  films 
as  a  function  of  FWHM  of  (00018)  peaks 


between  the  crystalline  quality  and  electrical  properties.  Fig¬ 
ure  1  shows  XRD  patterns  of  the  Bi2Te3  films  for  which  the 
electrical  measurements  were  made.  Predominant  c-axis  ori¬ 
entation  was  found  for  all  samples.  The  full  width  at  half¬ 
maximum  intensity  (FWHM)  of  diffraction  peaks  is  closely 
related  to  crystalline  quality,  because  the  width  of  XRD  peaks 
is  related  to  a  variety  of  factors  such  as  crystallite  size,  non- 
uniform  strain,  and  stacking  faults.  In  addition,  a  narrower 
FWHM  is  associated  with  a  larger  crystallite  size  by  the 
Scherrer  equation  [16].  Therefore  we  estimated  the  FWHM  of 
(00018)  peaks  in  the  XRD  pattern  to  evaluate  the  crystalline 
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films 


Fig.  5.  Temperature  dependence  of  carrier  concentrations  of 
thin  Bi2Te3  films 


quality  of  three  sample. 

Figure  2  shows  the  variation  of  FWHM  of  (00018)  peaks 
for  the  three  samples  with  the  different  growth  conditions.  In 
comparison  to  the  other  films  (samples  B  and  C),  the  pattern 
of  sample  A  has  a  narrower  FWHM,  which  corresponds  to 
higher  crystalline  quality.  This  result  suggests  that  the  crystal¬ 
line  quality  is  strongly  affected  by  the  growth  conditions  such 
as  substrate  temperature  and  the  flux  ratio. 

Figure  3  shows  the  relationship  between  the  FWHM  of 
(00018)  peaks  and  the  carrier  concentrations  at  300  K.  In  the 
case  of  the  film  with  narrower  FWHM  (sample  A),  the  carrier 
concentration  is  lower  than  the  other  films  with  wider  FWHM 


Fig.  6.  Temperature  dependence  of  Hall  mobility  of  thin 
Bi2Te3  films 


(samples  B  and  C),  in  which  the  carrier  concentrations  are 
over  102Ocm'3.  The  increase  of  carrier  concentration  is  likely 
to  be  caused  by  a  larger  number  of  defects  in  samples  B  and  C 
[17]. 

Figures  4  and  5  shows  the  temperature  dependence  of  carri¬ 
er  concentration  and  electrical  resistivity,  respectively.  In 
sample  A,  the  carrier  concentration  decreases  monotonously 
with  decreasing  temperature,  which  indicates  a  semiconduct¬ 
ing  behavior  in  this  temperature  region.  The  resistivity  has  a 
maximum  value  at  230  K.  Since  the  resistivity  decreases 
above  230  K,  the  film  is  found  to  be  in  the  intrinsic  region. 
We  can  estimate  the  energy  gap  Eg  to  be  about  100  meV,  whi¬ 
ch  is  close  the  value  of  bulk  single  crystals  [18].  On  the  other 
hand,  in  samples  B  and  C,  the  carrier  concentrations  were 
almost  independent  of  temperature  and  the  resistivity  de¬ 
creases  slightly  with  decreasing  temperature,  which  suggests 
metallic  behavior  in  this  temperature  region. 

Figure  6  shows  the  temperature  dependence  of  Hall  mobil¬ 
ity.  The  sample  A  has  the  highest  value  and  some  different 
slopes  are  observed  in  the  curve.  The  appearance  of  these 
slopes  can  be  explained  by  the  dominance  of  different  scat¬ 
tering  mechanisms  in  different  temperature  regions.  The  tem¬ 
perature  dependence  of  the  Hall  mobility  in  the  intermediate 
temperature  region  is  found  to  be  T14,  which  shows  that 
acoustic  phonon  scattering  is  dominant.  On  the  other  hand,  the 
higher  slope  at  higher  temperatures  suggests  that  polar  optical 
phonon  scattering  is  dominant.  The  clear  separation  of  slopes 
and  the  appearance  of  a  higher  slope  at  higher  temperatures 
were  observed  for  the  first  time  in  the  thin  Bi2Te3  films  of  this 
work.  It  emphasizes  the  fact  that  a  good  crystalline  quality 
could  be  achieved  using  the  MBE  method  for  the  growth  of 
thin  Bi2Te3  films.  The  samples  B  and  C  have  lower  mobilities 
than  sample  A  and  the  separation  of  slopes  is  not  clear  for 
these  films.  The  relation  between  the  FWHM  as  a  measure  of 
crystalline  quality  and  the  mobility  is  the  following:  in  films 
with  wider  FWHM,  the  density  of  crystallite  boundaries  is 
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relatively  higher,  so  that  the  Hall  mobility  is  smaller  due  to 
stronger  scattering  at  crystallite  boundaries.  Growth  condi¬ 
tions  that  lead  to  a  larger  crystallite  size  could  reduce  the  grain 
boundary  scattering  of  carriers.  From  the  above  results,  we 
believe  that  there  is  a  strong  correlation  between  the  film 
structures  and  electrical  properties. 


Conclusions 

We  studied  the  crystal  structures  and  electrical  properties  of 
thin  Bi2Te3  films  grown  on  Al203(0001)  substrates  by  MBE. 
XRD  patterns  show  that  the  films  are  c-axis  oriented  and 
Streak  RHEED  patterns  are  observed  at  the  early  stage  of 
growth.  The  crystalline  quality  was  estimated  by  FWHM  of 
(00018)  diffraction  peaks  in  XRD  pattern.  It  is  found  that  the 
crystalline  quality  is  very  sensitive  to  the  deposition  condi¬ 
tions.  The  carrier  concentration,  electrical  resistivity  and  Hall 
mobility  in  the  temperature  range  from  77K  to  300K  were 
measured  for  films  with  three  different  crystalline  qualities. 
The  FWHM  of  XRD  peaks  versus  carrier  concentration  shows 
correlation  between  the  crystalline  quality  and  electrical  prop¬ 
erties.  The  film  with  narrower  FWHM  had  a  lower  carrier 
concentration  and  higher  value  of  Hall  mobility,  and  an  elec¬ 
trically  intrinsic  region  of  the  resistivity  was  found  around 
room  temperatures.  For  the  first  time  a  clear  separation  of 
slopes  of  the  Hall  mobility  in  thin  Bi2Te3  film  is  observed.  The 
other  films,  which  had  wider  FWHM,  exhibited  a  metallic 
behavior,  and  carrier  concentrations  were  over  1020  cm‘3  and 
Hall  mobility  was  lower  values.  The  above  results  suggest  that 
Bi2Te3  film  with  high  crystalline  quality  and  good  electrical 
properties  can  be  grown  by  MBE. 
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Abstract 

High  efficiency  thermoelectric  thin  film  converters  find  ap¬ 
plications  as  miniature  energy  sources  which  can  deliver  low 
power  at  high  output  voltage  and  also  as  IR  detectors  and 
sensors  in  new  developments  like  microelectronics,  space 
applications,  medicine,  etc..  Bi2Te3_:cSe:c  chalcogenide  is 
an  important  thermoelectric  material  which  needs  to  be  in¬ 
vestigated  for  its  thermoelectric  properties  in  the  thin  film 
state.  In  this  paper  we  present  our  results  on  thermoelec¬ 
tric  properties  of  Bi2Te2.4Se0.6  thin  films.  Annealed  thin 
films  of  Bi2Te2.4Se0.6  material,  grown  on  glass  plates  held 
at  room  temperature  by  the  flash  evaporation  technique 
in  a  vacuum  of  2  xlCT5  torr,  were  investigated  for  their 
thermoelectric  and  electrical  properties  in  the  temperature 
range  300  K- 480  K.  The  non-stoichiometry  problem  as  en¬ 
countered  in  the  thermal  evaporation  method  is  avoided  in 
this  simple  flash  evaporation  technique  as  evidenced  from 
the  ED  AX  compositional  analysis.  Structural  analysis  in¬ 
dicated  the  polycrystalline  nature  of  the  films  with  hexag¬ 
onal  structure.  Grain  size  was  calculated  from  the  electron 
micrograph.  Thermoelectric  studies  indicated  n-type  con¬ 
ductivity.  As  temperature  increases,  thermoelectric  power 
of  the  films  increases  in  the  low  temperature  range  and  then 
decreases  after  reaching  a  maximum.  This  is  explained  to 
be  due  to  the  evaporation  of  volatile  components.  The  im¬ 
portant  physical  parameters  like  Fermi  energy,  power  index 
of  the  energy  dependent  mean  free  path  expression  and  car¬ 
rier  concentration  were  evaluated  from  these  measurements 
using  the  size  effect  theory. 

Introduction 

Bi2Te3  based  thermoelectric  materials  find  applications  as 
IR  detectors,  sensors  and  power  generators  etc..  Thin  film 
thermoelectric  converters  with  high  efficiency  can  be  used 
as  miniaturized  energy  sources  which  can  deliver  low  power 
at  high  output  voltage  [1,2].  Recently  Il-Ho-Kim  et  al 
showed  that  thermoelectric  power  generators  based  on  Bi- 
Sb-Te-Se  thin  film  modules  can  produce  microwatt  level 
power  at  high  voltage  (of  the  order  of  a  volt)  [3].  Bulk  ma¬ 
terials  ofBi2(Te1_xSe£C)3  compounds  have  been  almost  thor¬ 
oughly  studied  by  various  researchers.  But  it  is  still  needed 
to  investigate  the  peculiar  properties  of  Bi2('le1_a:)Sea:  ma¬ 
terials  in  the  thin  film  state  especially  the  size  effect  on 
the  electrical  and  thermoelectric  properties.  It  is  well  es¬ 
tablished  that  Bi2Te3  forms  continuous  solid  solution  with 
Bi2Se3  and  thermoelectric  figure  of  merit  can  be  improved 


in  these  solid  solutions.  Bi2Te3  crystallizes  in  hexagonal 
structure  with  space  group  R3m.  In  this  paper  we  present 
our  results  on  thermoelectric  studies  of  Bi2Te2.4Seo.6  thin 
films  prepared  by  the  flash  evaporation  technique. 

Experimental 

Bulk  alloy  Bi2Te2.4Se0.6  compound  was  prepared  by  melting 
the  elements  in  a  quartz  ampoule.  The  procedure  of  prepa¬ 
ration  of  the  bulk  alloy  is  described  elsewhere  [5].  The 
homogeneity  of  the  alloy  and  alloy  formation  were  checked 
by  using  the  X-Ray  Diffraction  (XRD)  technique.  Then  the 
alloy  was  grinded  into  small  granular  particles.  Thin  films 
of  different  thicknesses  were  prepared  on  clean  glass  plates 
using  the  thermal  flash  evaporation  technique  in  a  vacuum 
of  2xl0~5  torr.  The  lateral  dimension  of  the  films  were  6.5 
cm  x  1  cm.  The  powdered  particles  of  the  alloy  were  taken 
in  a  basket  to  which  a  long  hollow  tube  is  attached  so  that 
the  powdered  particles  fall  through  the  tube  and  then  fall 
on  to  a  pre-heated  basket  type  tantalum  boat.  The  basket 
which  contains  the  powdered  particles  was  vibrated  using 
a  relay  arrangement  so  that  the  particles  fall  on  to  the  pre¬ 
heated  tantalum  boat.  The  falling  rate  of  the  particles  into 
the  boat  was  controlled  by  controlling  the  voltage  applied 
to  the  relay  using  a  variac  so  that  the  deposition  rate  was 
maintained  at  an  average  of  10-15  A/scc.  The  rate  of  depo¬ 
sition  and  thickness  of  the  films  were  indicated  by  a  quartz 
crystal  monitor  (model  QCT-101).  The  substrate  (glass 
plates)  cleaning  procedure  is  as  follows.  The  glass  plates 
were  kept  in  chromic  acid  for  two  days.  After  that  they 
were  shaken  using  an  ultrasonic  vibrator  in  soap  solution 
for  half  an  hour.  Then  they  were  washed  with  deionised 
water  and  then  dried.  The  substrates  were  kept  at  room 
temperature  at  a  distance  of  about  25  cm  from  the  source. 
It  is  known  that  as-grown  films  of  Bi2Te3  based  materials 
show  poor  thermoelectric  properties  due  to  the  presence 
of  frozen-in  defects,  residual  stress  and  inhomogeneity  in 
composition.  Thus,  it  is  required  that  the  films  should  be 
given  heat  treatment.  Hence,  all  the  films  were  annealed 
in  vacuum  at  a  temperature  of  460  K  and  were  used  for 
the  investigations.  The  crystal  structure  and  microstruc- 
tural  analysis  of  the  films  was  done  using  XRD,  Selected 
Area  Diffraction  (SAD),  Transmission  Electron  Microscopy 
(TEM)  techniques.  The  composition  of  the  films  was  ana¬ 
lyzed  using  (Energy  Dispersive  Analysis  of  X-rays)  EDAX 
facility  attached  to  the  transmission  electron  microscope. 
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Intensity  (art),  units  ) 


Results  and  Discussion 


Figure  1:  Typical  XRD  pattern  of  a  thin  film  (1650  A) 


Figure  2:  SAD  photograph  of  a  thin  film  (1650  A) 


Figure  3:  ED  AX  spectrum  of  a  thin  film  (450  A) 


Strucural  Analysis 

X-ray  diffract ogr am  of  a  typical  film  (fig.l)  shows  the  poly¬ 
crystalline  nature  of  the  film.  Comparison  of  d- values  with 
the  ASTM  d- values  confirms  the  hexagonal  nature  of  the 
film  (Table  I).  Fig.3  shows  the  EDAX  spectrum  of  thin 
film  of  thickness  450  A.  The  grain  size  of  the  film  was  cal¬ 
culated  from  the  electron  micrograph  (fig.4)  using  the  for¬ 
mula:  G.S  =  1.51/mn,  where  1  is  length  of  n  grains  and  m 
the  magnification.  The  d-values  were  also  obtained  from 
the  (SAD)  (Selected  Area  Diffraction)  (fig.2)  pattern  and 
are  compared  in  Table  I.  It  is  found  that  the  d-values  and 
matching  with  the  XRD  d-values.  Also  it  can  be  observed 
that  the  d-values  are  in  between  the  Bi2Te3  and  Bi2Se3 
d-values  which  is  in  agreement  with  the  fact  that  as  Se, 
which  has  smaller  atomic  size,  content  increases  the  lattice 
parameters  decreases  [4]. 

TABLE  I 

Comparison  of  d-values  of  the  films 
obtained  from  XRD  and  electron  diffraction  data  with 
ASTM  standard  d  values  of  Bi2Te3 
(set  15-863)  and  Bi2Se3  (set  12-732)  materials. 


ASTM  d  values  A 

d  values  observed  A 

hkl 

Bi2Te3 

Bi2Se3 

XRD 

SAD 

5.08 

4.80 

006 

5.04 

3.22 

3.03 

015 

3.19 

3.12 

2.38 

2.23 

1010 

2.34 

2.24 

2.10 

om 

2.20 

2.20 

2.031 

0015 

2.00 

1.81 

1.78 

205 

1.77 

1.40 

1.32 

125 

1.47 

1.39 

1.27 

1.23 

2110 

1.24 

Thermoelectric  Studies 

Thermal  emf  of  the  films  was  measured  in  the  temperature 
range  300  K-  480  K  using  the  integral  technique  in  which 
one  end  of  the  film  was  kept  at  constant  temperature  (room 
temperature)  and  the  other  end  was  heated  at  a  controlled 
rate  using  a  heater.  The  heating  rate  was  controlled  by 
a  computer  using  a  relay  switch.  Copper  pads  were  used 
for  electrical  contacts  with  the  films  at  both  the  ends.  As 
temperature  of  one  end  is  heated,  thermal  emf  is  devel¬ 
oped  across  the  film  which  was  measured  using  a  Keithley 
multi  meter.  Copper- const  ant  an  thermocouples  were  used 
for  measuring  the  temperature  of  the  hot  and  cold  ends. 
Thermoelectric  power  of  the  films  was  calculated  from  the 
measured  thermal  emf  as  a  function  of  temperature  by  tak¬ 
ing  derivatives  at  different  temperatures  using  spline  func¬ 
tions. 

Fig. 5  shows  the  thermoelectric  power  versus  temperature 
plot.  It  was  observed  that  the  hot  end  of  the  films  was  posi¬ 
tive  which  indicates  that  electrons  are  the  majority  carriers 
and  the  films  are  n-type.  It  is  seen  from  fig.5  that  thermo¬ 
electric  power  of  the  films  increases  with  temperature  and 
then  decreases  after  reaching  a  maximum.  This  is  explained 
to  be  due  to  the  loss  of  Te  from  the  films  as  evidenced  from 
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Figure  4:  TEM  photograph  of  a  typical  film  (mag.  37,000) 

G.S  =  220  A 


Figure  5:  Plot  of  thermoelectric  power  versus  Temperature 


the  ED  AX  spectrum  (Fig.3).  The  expected  atomic  percent¬ 
age  of  the  alloy  is  Bi  -  40  %,  Te  -  48  %  and  Se  12  %.  The 
EDAX  spectrum  indicates  that  the  observed  composition 
of  the  annealed  films  is:  Bi  -  45.89%,  Te  -  38.41%  and  Se 
-  13.70%,  whereas  the  as-grown  film  indicated  the  compo¬ 
sition  as:  Bi  -  41.14%,  Te  -  48.58%  and  Se  -  10.28%.  This 
indicates  that  the  heat  treatment  during  annealing  results 
in  loss  of  Te.  The  tellurium  vacancy  created  thus  can 
contribute  to  hole  conduction  in  the  films.  This  is  observed 
by  us  in  Bi2Te2Sei  thin  films  [5].  Also  it  is  observed  that 
as  thickness  of  the  films  increases,  thermoelectric  power 
increases.  This  is  explained  by  the  size  effect  theories  as 
follows: 

We  have  explained  the  size  effects  on  electrical  resistivity 
of  polycrystalline  thin  films  using  the  simpler  effective  mean 
free  path  model  developed  by  Tellier  [6].  This  model  has 
been  successfully  extended  to  calculate  the  thermoelectric 


Figure  6:  Plot  of  thermoelectric  power  and  reciprocal  thick¬ 
ness 


power  of  polycrystalline  films  by  Pichard  et  al  [7].  Accord¬ 
ing  to  this  model,  thermoelectric  power  of  polycrystalline 
thin  films  can  be  expressed  as, 


SF  =  Sg[l  - 


3(1  p)lg  /  Ug  I 

st  n  +  cv 


(1) 


where,  Sg  is  the  thermoelectric  power  of  infinite  thick 
film,  i.e.  bulk  material  (hypothetical)  having  the  same  mi¬ 
crostructure  of  the  films  and  is  given  by, 


Sg  — 


7 r2k2T 
ZeEp 


(1  +  ug) 


(2) 


where 


U  -  (  dlnl3  ) 
3  [dlnE} 


(3) 


1  g  is  the  effective  mean  free  path  which  can  be  calculated 
from  the  slope  of  resistivity  versus  reciprocal  thickness  plot. 
This  parameter  U5  determines  the  energy  dependence  of 
the  mean  free  path  of  the  charge  carriers  in  the  infinitely 
thick  film.  From  the  expression  (1)  it  is  found  that  a  plot 
of  thermoelectric  power  of  polycrystalline  thin  films  versus 
reciprocal  thickness  is  linear  and  the  parameters  Ug  and  Sg 
can  be  determined  from  the  slope  and  intercept  of  the  plot 
respectively  if  we  know  the  mean  free  path  (15) .  Once  we  get 
these  parameters  we  can  calculate  the  Fermi  energy  using 
the  expression  (2)  and  the  electron  concentration  using  the 
expression, 


n  —  —^{27rm*kT/h2)s/2F1/2  (4) 


where,  m*  is  the  effective  mass  of  electrons  and  Fj/2  is 
the  Fermi  integral. 

Fig.6  shows  the  plot  between  thermoelectric  power  and 
reciprocal  thickness  and  it  is  seen  that  the  experimental 
points  are  fairly  fitting  to  a  straight  line.  The  value  of 
19  was  taken  similarly  for  these  films  from  the  resistivity 
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versus  reciprocal  thickness  plots  at  different  temperatures. 
Using  these  values  the  parameters  mentioned  above  were 
calculated  and  are  shown  in  the  Table  II.  It  is  seen  that 
thermoelectric  power  (S5)  of  the  infinitely  thick  film  in¬ 
creases  with  temperature  and  starts  decreasing  at  around 
450  K.  The  parameter  values  are  positive  which  indi¬ 
cates  that  the  mean  free  path  of  the  carriers  increases  with 
temperature.  Also  it  is  seen  that  Fermi  energy  increases 
with  temperature  and  hence  the  carrier  concentration. 

Conclusions 


Thickness  dependence  of  thermoelectric  power  of  the 
Bi2Te2.4Se0.6  films  is  explained  by  the  effective  mean  free 
path  model.  Various  parameters  are  evaluated  from  the 
size  effect  analysis.  Decrease  of  the  thermoelectric  power 
of  the  films  at  high  temperature  is  attributed  to  the  partial 
evaporation  of  Te  from  the  films.  Size  effect  analysis  in¬ 
dicates  that  Fermi  level  increases  with  temperature  which 
reveals  that  large  number  of  charge  carriers  are  generated 
from  the  donor  states  in  the  films  and  hence  the  carrier  con¬ 
centration  increases.  Structure  of  the  film  was  confirmed  by 
XRD  and  SAD. 


TABLE  II 

Variation  of  various  physical  parameters  with  temperature 


Temperature 

K 

S* 

/xV/K 

Us 

E  / 
meV 

n  xlO20 
cm-3 

320 

195.7 

0.19 

47.5 

2.89 

350 

193.3 

0.20 

53.2 

3.38 

400 

195.2 

0.22 

61.5 

4.15 

450 

179.6 

0.23 

75.7 

5.44 
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Abstract 

A  study  has  been  made  temperature  dependence  of 
the  thermoelectric  properties  of  n-Bi2  (Te,  Se)3  solid  solutions 
(x=0.3  and  0.36).  An  optimal  charge  carrier  concentration  in 
the  low  temperature  range  (80-120)  K  was  provided  with 
addition  of  excess  Te.  Minimum  of  Z  =  f(T)  relation  was 
observed  near  by  120  K,  than  the  value  of  Z  is  increased  when 
the  temperature  falls  to  80  K.  It  is  may  be  explained  with  an 
absence  of  interband  scattering  of  carriers  at  the  studied 
carrier  concentrations  ((0.8  -  l)1018cm'3). 

In  recent  years  there  have  been  some  problems  which 
required  more  deep  cooling  than  one-stage  thermoelectric 
module  can  be  provided.  The  interest  to  develop  of  low 
temperatures  (80-120)  K  by  means  of  many  stage 
thermoelectric  cooling  is  explained  by  successes  in  the  high- 
Tc-superconductivity  studies  and  in  the  range  of  the  sensor 
devices.  The  results  of  these  studies  are  shown  that  it  is 
required  to  diminish  the  charge  carrier  concentration  in  n- 
Bi2(Te,Se)3  solid  solutions  for  increasing  the  figure  of  merit  Z 
and  using  of  these  materials  at  more  lower  temperatures.  The 
optimal  low  carrier  concentration  was  provided  with  the 
addition  of  the  excess  Te,  this  made  it  possible  to  eliminate  at 
low  temperatures  the  additional  scattering  due  to  dopiness 
based  on  chalcogenides  (CdCl2,  BiBr3  and  so  on). 

One  of  the  main  parameter,  determining  the  figure  of 
merit  Z  is  the  value  of  (3  [1]: 


o  2(271 )  i  7/2  /  jjc  /  \3/2  /-in 

P =  t~3 - ko  (m  */rn0)  ^0T  Kj  (1) 

h  e 

m*  and  p0  are  the  effective  mass  of  the  density  of  states  and 
the  mobility  of  the  carrier  concentration  including  degeneracy; 
K|  is  the  thermal  conductivity  of  the  crystal  lattice. 

The  product  of  (m*/m0)3/2po  can  be  obtained  from  the 
measured  values  of  the  thermoelectric  power  a  and  electrical 
conductivity  a  for  some  scattering  mechanism.  The  main 
scattering  mechanism  is  usually  that  by  acoustic  vibrations  of 
the  crystal  lattice,  for  which  the  scattering  parameter  is  r  -  -0.5 
(r  is  the  power  exponent  in  the  energy  dependence  of  the 
relaxation  time  t  *  t0  Er).  Other  scattering  mechanisms  (by 
atoms  of  the  second  components  of  a  solid  solution,  the 
scattering  by  the  cores  of  ionized  impurities)  and  interband 
scattering  mechanism,  including  due  to  complicated  band 


structure  of  the  solid  solutions  are  not  taken  into  account. 
Therefore,  the  effective  scattering  mechanism  assuming  these 
scattering  processes  is  used  [2,  3]  with  the  effective  scattering 
parameter  rcef,  which  takes  into  account  peculiarities  of  the 
band  structure  and  scattering  mechanisms.  In  the  samples  of  n- 
Bi2(Te,Se)3  solid  solutions  rcff_  values  at  T=80  K  are  equal  to  (- 
0.38  )  -  (-0.4)  and  varied  to  -0.6  at  the  room  temperature  [2, 
3],  The  revalues  close  to  them  which  were  determined  in  ref 
[4]  for  n-Bi2Te2.85Se0.85  solid  solution.  . 

The  samples  of  n-Bi2Te3_xSex  solid  solutions  were 
grown  by  directed  crystallization  method  in  conditions 
excluding  a  concentration  overcooling.  The  studied  range  of 
the  carrier  concentrations  was  n  <  4  1018  cm’3.  The  charge 
carrier  concentration  was  determined  trom  measuring  of  Hall 
cefficients  in  a  weak  magnetic  field  [5]. 

Temperature  dependence  of  the  parameter 
(m*/m0)3/2p0  in  n-Bi2Te3.xSex  (x=0.3;  0.36)  solid  solutions  is 
shown  in  Fig.  1.  The  angle  coefficients  s  = 
dln[(m*/m0)3/2|io]/dlnT  were  calculated  from  the  product  of 
(m*/mo)3/2po-  The  din  [(m*/mo)3/2Po]  /  dlnT  dependence  is 


T.K 


Fig.  1.  Temperature  dependence  of  the  (m7m0)3/2|io  parameter 
in  n-Bi2Te3_xSex  solid  solutions, 
x:  1,2,  3 -0.3;  4,  5 -0.36. 
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shown  to  be  nonlinear  functions  throughout  the  temperature 
interval  studied.  The  values  of  |s|  are  very  high  and  equal  to 
2.0  -  2.3  at  low  carrier  concentrations  (0.8  -  1)  1018  cm'3  (Fig. 
1,  curves  1,  2,  4).  With  growth  of  the  temperature  |s|- 
values  is  decreased  to  1.5-1. 6.  The  parameter  (m*/m0)3/2po  is 
decreased  with  growth  of  the  carrier  concentrations  to 
(n=4  10l8cm'3)  (Fig.  1,  curves  3)  and  the  angle  coefficients  |s| 
falls  to  1.1 -0.9  due  to  increasing  of  the  number  of  scattering 
centers. 

To  calculate  of  p  parameter,  which  determines  the 
figure  of  merit  Z,  the  thermal  conductivity  of  the  crystal  lattice 
Ki  is  evaluated  with  account  of  reff.  A  whole  thermal 
conductivity  in  the  range  of  the  impurity  conductivity  of 
semiconductor: 


K=Ke+Ki 


(2) 


Ke-  the  electron  thermal  conductivity  was  calculated  using  the 
Wiedemann-Franz  law  in  the  form: 


Ke=L<rT 


(3) 


L  =  L(r,  t|)  -  Lorentz  number  was  determined  for  the  effective 
scattering  parameter  (r=reff): 


(r  +  7/2)Fr+5/2(ri) 
(r  +  3/2)Fr+I/2(t|) 


(r  +  5/2)2Fr2+3/2(t1) 
(r+3/2)2Fr2+1/2(ti) 


(4) 


where  the  Fermi  integral  is 


OO 

Fr(t|)  =  j  [x  r/  ex"n]dx  (5) 


and  r\  is  the  reduced  Fermi  level. 

The  relations  ln(Ki)  -  Fln(T)  were  calculated  in 
accordance  with  (2)  -  (5)  and  they  were  close  to  linear  over  the 
interval  80-300  K  in  the  samples  with  low  carrier 
concentrations.  The  angle  coefficients  m  =  dlmci/dlnT  are 
equal  to  m  * -0.4  at  the  studied  concentrations.  In  the  samples 
with  more  high  carrier  concentration  up  to  (n=4  1018cm'3) 
weak  variation  of  m  -value  is  observed  in  low-  and  high 
temperature  ranges  and  m  is  equal  to  -0.4  -0.5,  respectively. 
Variation  of  the  angle  coefficients  m  comparing  with  Bi2Te3 
(for  a  purely  acoustic  scattering  mechanism  (r  =  -0.5)  m  »  -1 
[1])  is  connected  with  increasing  in  the  contribution  of  the 
additional  thermal  resistance  on  introduction  of  neutral  atoms 
participating  in  the  formation  of  the  substitution  solid 
solutions. 


The  calculation  of  (3  (Fig.  2)  is  shown  that  the  angle 
coefficients  t  =  dlnp  /  dlnT  are  different  in  the  low  and  high 
temperature  regions  and  change  from  0.6  -  0.8  to  1.6  -  1.8  at 
low  n  (Fig.  2,  curves  1,2),  and  from  1.4  -  1.5  to  1.6  -  1.8  with 
growth  carrier  concentration  (Fig.  2,  curves  3).  A  weak  reduce 
P-  value  at  low  temperatures  in  the  samples  with  low  carrier 
concentration  comparing  with  high  n  indicates  to  possible 
increasing  of  the  figure  of  merit  Z  at  low  temperatures. 


Fig.  2.  Temperature  dependence  of  P  parameter  in  n- 
Bi2Te3.xSex  solid  solution, 
x:  1,3 -0.3;  2 -0.36. 


The  temperature  dependence  of  Z  is  shown  in  Fig.  3. 
It  is  noted  that  a  slowing-down  of  the  value  of  Z  in  low 
temperature  range  is  observed  in  the  samples  of  n-Bi2Te3_xSex 
(x=0.3;  0.36)  solid  solutions  at  the  carrier  concentration  close 
to  n  —  (2.5  -  3)  1018cm'3  when  the  thermoelectric  power  is  a  = 
(315  -  320)  pV  K"1  at  the  room  temperature  (Fig.  3,  curves  3, 
6).  Over  the  temperature  interval  (80  -  120)  K  at  a  >  (320  - 
330)  pV  K"1  (T  =  300  K)  a  growth  of  Z*  up  to  (2.2  -  2.3) 
1018cm"3was  observed  instead  of  usual  decreasing  of  Z  with 
temperature  in  the  optimal  for  these  temperatures  low  carrier 
concentration  (0.8  -1)10 18  cm'3  (Fig.3,  curves  1,2,5).  So 
behavior  of  Z  =  F(T)  relation  can  be  traced  to  the  absence  of 
interband  scattering,  because  additional  band  in  the 
conduction  band  of  the  solid  solution  does  not  fill  at  the 
studied  carrier  concentrations. 
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Fig.3.  Temperature  dependence  of  the  figure  of  merit  in  n- 
Bi2Te3.xSex  solid  solution, 
x:  1,2, 4,  6  -0.3;  3,5  -0.36. 


The  low  absolute  maximum  of  Z  (not  above  to 
2.6iO"3K*1)  may  be  explained  by  deviation  of  the  considered 
carrier  concentration  from  the  optimal  one  at  T  >  120  K.  In 
the  sample  with  carrier  concentration  n=4  1018cm'3  the  value 
of  Z  is  equal  to  -1.7  10'3  K'1  in  the  low  temperature  range  and 
Zmax  is  observed  at  T  =  240  K  (Fig.3,  curves  4).  Note  that  for 
materials  customarily  used  at  the  room  temperatures  Z  =  (0.6  - 
1.1)1 0'3  K_1  at  low  temperatures.  Thus,  n-Bi2Te3_xSex  samples 
at  low  carrier  concentration  without  interband  scattering  will 
give  substantially  higher  values  Z  and  product  ZT,  which 
determines  the  efficiency  of  thermoelectric  power  conversion. 

Variation  of  Z  in  n-Bi2Te3.xSex  solid  solution  in  the 
low  temperature  range  can  be  analyzed  in  common  with 
studies  of  galvanomagnetic  effects  in  weak  magnetic  fields.  In 
ref.  [6]  temperature  dependence  of  the  ratios  of  the 
components  of  tensor  of  the  density  of  states  effective  mass 
mj/mj  and  the  angle  of  rotation  of  the  principal  axes  of  the 
constant-energy  ellipsoids  relative  to  the  crystallographic  axes 
0  was  determined  in  the  samples  of  n-Bi2Te3.xSex  with  the 
different  carrier  concentrations.  The  analyze  of  the  ratios  of 
m/mj  give  rise  to  determine  the  relationship  of  the  principal 
axes  of  the  constant-energy  ellipsoids  and  their  orientation 
relative  to  the  crystallographic  axes.  The  Cartesian  coordinate 
system  in  which  the  X(l)  axis  (binary  direction)  is  along  the 
twofold  axis  the  Y(2)  axis  (bisectrix)  is  in  the  reflection  plane, 
and  the  Z(3)  (trigonal)  direction  is  parallel  to  the  threefold 
rotation  axis  is  used  [7,  8]. 

In  n-Bi2Te3.xSex  solid  solution  the  relationship  of  the 
principal  axes  of  the  ellipsoids  is:  m2>m3>m1  with  account  of 


the  turn  on  the  angle  0  relative  to  bisectrix  axis  [9],  that  is  the 
ellipsoids  is  compressed  to  the  binary  axis  X.  At  low  carrier 
concentration  (n<3  10  18cm'3  )  m3«m2  and  the  ellipsoids  close 
to  ellipsoid  of  rotation  relative  to  the  binary  axes  (Fig.  4) 


Fig.  4.  Orientation  and  form  of  the  constant-energy  ellipsoids 
at  the  different  temperatures  and  carrier  concentrations  in  n- 
Bi2Te3.xSex  solid  solution. 

T,  K:  1,3 -80;  2, 4 -200. 
n.10  '18cm  '3:  1, 2  -  1.5;  3,4  -  4. 


In  some  of  ref.  [10-12]  the  ratios  mj/mj  are 
determined  for  a  purely  isotropic  scattering  mechanism. 
However,  solid  solutions  based  on  Bi2Te3  exhibit  a  strong 
anisotropy  of  the  transport  properties  due  to  anisotropy  of  the 
effective  mass  and  the  scattering  anisotropy  which  is  from  the 
anisotropy  of  elastic  vibrations  of  a  crystal.  Because  it  is 
necessary  to  introduce  the  relaxation  time  tensor  in  an  analysis 
of  the  experimental  results.  [8.12].  From  analysis  of  the 
galvanomagnetic  effects  in  weak  magnetic  fields  in  n- 
Bi2Te3.xSex  solid  solution  in  accordance  with  many-valley 
model  of  the  energy  spectrum  with  anisotropic  carrier 
scattering  we  calculated  ratios  of  the  components  of  the 
relaxation  time  tensor  xy  /  Xu  on  temperature  [6].  It  is  found 
that  the  anisotropy  of  carrier  scattering  increases  on  increase 
in  the  carrier  concentrations  and  anisotropy  of  carrier 
scattering  in  the  (0001)  cleavage  plane  is  much  less  than  at 
right-angles  along  the  direction  <1 1 1>  coinciding  with  Z  axis. 
It  therefore  follows  that  the  increase  of  the  figure  of  merit  Z  in 
the  investigated  solid  solution  and  the  anisotropy  of  carrier 
scattering  are  correlated,  so  that  the  figure  of  merit  Z  is  higher 
in  the  low  temperature  range  when  the  constant  energy 
surfaces  are  the  ellipsoids  of  rotation  along  the  binary  axis  X. 
In  this  case  the  anisotropy  of  the  carrier  scattering  is  less, 
especially  in  the  cleavage  plane  (0001). 
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Abstract 

The  influence  of  copper  addition  on  thermoelectric  and 
electrophysical  properties  of  Bi2Te285Se015  solid  solutions 
grown  by  the  Czochralski  technique  is  studied.  The  effective 
segregation  coefficient  of  copper  Ke(r  =  0.2  is  determined. 
Doping  with  small  quantities  of  copper  (up  to  0.05  at.%  in 
charge)  leads  to  enhancement  of  carrier  mobility  and  ther¬ 
moelectric  figure  of  merit,  Z  =  (3.1  -  3.4)  10'3  K1  in  the  tem¬ 
perature  range  of  220  -  350K.  The  single  crystals  with  cop¬ 
per  content  up  to  0. 1  at.%  in  charge  are  found  to  retain  sta¬ 
bility  of  properties.  Annealing  at  280^3  for  150  hours  did 
not  cause  significant  change  in  thermoelectric  properties  of 
the  samples. 

Introduction 

Single  crystals  of  Bi2Te285Se0 15  solid  solution  are  effi¬ 
cient  n-type  materials  and  are  recommended  for  application 
in  thermoelectric  coolers  operating  in  the  temperature  range 
of  200  -  350  K  [1], 

The  results  of  studies  on  doping  of  this  solid  solution 
with  the  elements  from  Groups  IIB  -  VB,  replacing  the  posi¬ 
tions  of  bismuth  and  tellurium  atoms  in  crystal  lattice,  showed 
an  increase  in  thermoelectric  figure  of  merit  due  to  reduction 
of  thermal  conductivity  of  crystal  lattice  and  a  slight  enhance¬ 
ment  of  mechanical  strength  of  the  material  [2  -  4].  The  ele¬ 
ment  from  Group  IB,  copper,  unlike  the  above-mentioned 
elements,  is  an  efficient  donor  addition  to  Bi2Te285Se0  |5  [5]. 
The  copper  atoms,  according  to  [6],  are  located  in  interstitial 
sites,  mainly  between  the  cleavage  planes  with  van  der  Waals 
bonds,  that  leads  to  strengthening  of  chemical  bonds  between 
quintets  and  to  enhancement  of  mechanical  strength.  There¬ 


fore,  it  is  of  interest  to  investigate  the  influence  of  copper 
doping  on  thermoelectric  and  electrophysical  properties,  as 
well  as  on  the  stability  of  the  properties,  of  Bi2Te285Se0 15  sin¬ 
gle  crystals. 

Experimental 

Single  crystals  of  solid  solutions  with  copper  content  of 
0.02  to  0.3  at.%  in  charge  were  grown  by  the  Czochralski 
technique  with  replenishment  of  the  melt  from  a  liquid  phase 
[3],  The  charge  was  prepared  from  preliminary  synthesized 
compounds  Bi2Te3,  Bi2Se3  and  copper  by  melting  them  in  the 
proper  proportion.  We  used  the  materials:  bismuth  Bi-0000, 
tellurium  Te-0000,  Se  and  Cu  of  very  high  purity.  The  single 
crystals  were  grown  in  the  [1 0 1 0]  direction  normal  to  the  main 
crystallographic  axis  C.  The  crystals  had  the  form  of  plates 
of  the  length  ~  100  mm,  width  ~27  mm,  and  thickness  16  - 
20  mm.  The  growth  conditions  were  identical  in  all  cases. 
The  copper  content  was  determined  by  plasma  absorption 
spectroscopy.  From  these  data  the  effective  segregation  co¬ 
efficient  Ke(r=  0.2  was  obtained. 

We  also  measured  electrophysical  properties  of  samples 
cut  out  of  the  ends  of  the  crystals  at  the  distance  of  80  -  90 
mm  from  the  seed  (see  table). 

The  dependence  of  electrical  conductivity  on  thermo¬ 
electric  power  is  shown  in  Fig.  1 .  The  Bi2Te2  ,85SeO.I5  <CU> 
single  crystal  samples  with  0.05  at.%  Cu  have  higher  values 
of  ct  compared  to  the  initial  solid  solution  over  the  whole 
investigated  range  of  concentrations.  This  effect  is  explained 
by  the  increase  in  carrier  mobility  (see  table)  which  was  cal¬ 
culated  on  the  assumption  of  an  acoustic  scattering  mecha¬ 
nism.  The  maximum  value  of  carrier  mobility  corresponds 


Electrophysical  properties  of  Bi2Te2  85Se0 15  <Cu>  at  room  temperature 


J* 

Ccu,at% 

(in  the  charge) 

-a, 

pV/K 

S/cm 

KpX  103, 
W/(cmK) 
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208 

msm 

11,3 

3,1 
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5 
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11,6 
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1110 

11,4 

2,9 

2,8 

280 
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to  the  composition  with  0.05  at.%  Cu  in  charge.  The  change 
of  p  has  a  nonmonotone  character  and  calls  for  further  in¬ 
vestigation.  Lattice  thermal  conductivity  increases  slightly 
with  copper  content  (table)  that  can  be  connected  with  the 
reduction  of  scattering  by  phonons  on  the  thermal  vibrations 
of  crystal  lattice  upon  introduction  of  copper  [5], 


Fig.  1.  Dependence  of  a  on  a  for  single  crystals  Bi2Te2  8JSe015 
(1)  and  Bi2Te285Se0 15<Cu>  with  copper  content  of  0.05  (2) 
and  0.3  at.%  (3). 


From  measurements  of  a,  a,  and  k  in  the  100  -  350  K 
temperature  range  we  found  that  the  maximum  values  of  a 
and  Z  corresponded  to  the  composition  with  0.05  at.%  Cu 
(Fig.  2).  The  maximum  value  of  Z  =  3.4  10'3K_I  was  obtained 
in  the  temperature  range  of  280  -  320  K.  From  the  analysis 
of  temperature  dependencies  it  follows  that  the  increase  in 
copper  content  in  the  solid  solution  practically  does  not  af¬ 
fect  the  dependencies  a(T)  and  a  =  T'm.  The  weakening  of 
temperature  dependence  of  lattice  thermal  conductivity  was 
observed.  For  copper  content  of  0.3  at.%  ci  and  Z  decreased 
compared  to  the  initial  composition  (Fig.  2). 


Fig.  2.  Temperature  dependence  of  Z  for  single  crystals 
Bi2Te28JSe0  l5(l)  and  Bi2Te285Se0  l5<Cu>  with  copper  content 
of  0.05  (2)  and  0.3  at.%  (3). 


To  investigate  the  stability  of  properties  of  the 
Bi2Te2  85Se0 15<Cu>  solid  solutions  we  annealed  the  single  crys¬ 
tal  samples  in  air  at  the  temperature  280  C  for  150  hours 
with  periodical  monitoring  of  their  properties.  No  release  of 
copper  on  the  sample  surfaces  was  observed. 

Thermoelectric  power  of  the  samples  with  copper  con¬ 
tent  up  to  0.1  at.%  in  charge  changed  for  the  first  60  hours 
by  3  -  4%,  and  electrical  conductivity  accordingly  slightly 
decreased.  On  further  annealing  these  properties  did  not 
change.  For  the  samples  with  copper  content  0.3  at.%  ther¬ 
moelectric  power  changed  by  ~10%  and  electrical  conduc¬ 
tivity  changed  by  ~  1 8%. 

Conclusion 

Single  crystals  of  Bi2Te285Se0 15  solid  solutions  with  cop¬ 
per  content  in  charge  up  to  0.3  at.%  were  grown  by  the  Czo- 
chralski  technique  in  the  direction  [10T0],  The  effective  seg¬ 
regation  coefficient  of  copper  Kcfr=  0.2  was  determined.  The 
single  crystals  with  0.05  at.%  Cu  in  charge  have  high  value 
of  thermoelectric  figure  of  merit  Z  =  3.4  1  O'3  K'1  in  the  tem¬ 
perature  range  of  280  -  320  K.  The  solid  solutions  doped 
with  copper  in  amount  of  up  to  0.1  at.%  retain  stability  of 
properties. 
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Abstract 

Electrophysical  properties  (Seebeck  coefficient,  electro-  and 
thermoconductivities,  Hall  coefficient  and  Hall  mobility)  of 
Sb2Te3  single  crystals,  doped  with  tin  up  to  1  mass.%, 
selenium  up  to  and  bismuth  up  to  7  mass.%  in  various 
crystallographic  directions  were  studied.  The  single  crystals 
were  grown  using  Czochralski  technique  with  the  melt  supply 
through  a  floating  crucible.  Using  atomic  absorption  analysis 
were  determined  the  effective  distribution  coefficients  of  the 
tin  and  of  the  selenium  in  Sb2Te3. 

The  concentration  dependencies  of  elecrophysical  properties 
of  doped  crystals  were  studied.  It  was  established  that  tin 
atoms  act  as  acceptors  and  one  atom  of  Sn  gave  1.3  holes. 
Doping  of  selenium  and  bismuth  decrease  deviation  from 
stoichiometric  composition  of  Sb2Te3  The  possible 
mechanisms  of  the  incorporation  of  Sn,  Se  and  Bi  atoms  into 
the  crystal  lattice  of  Sb2Te3  were  discussed.  At  room 
temperature  for  the  whole  crystals  the  anisotropy  of  electro- 
and  termoconductivities  was  highest  between  the  directions 
parallel  and  perpendicular  of  basal  planes  (2-4).  Anisotropy 
factors  of  Seebeck  coefficient  were  0. 8-0.9.  The  temperature 
dependencies  of  electroconductivity  and  Seebeck  coefficient 
in  directions  parallel  and  perpendicular  of  basal  planes  of  the 
crystals  doped  with  tin  in  range  100-300  K  were  studied. 

Introduction 

The  compound  Sb2Te3  has  a  rhombohedral  crystal  structure, 
spatial  group  D53d  (R3m),  described  by  a  hexagonal 
elementary  cell  which  can  be  represented  in  the  form  of  a  set 
of  layers-quintets,  perpendicular  to  the  main  crystallographic 
axis  "cM.  The  distance  between  the  quintets  is  relatively  large 
and  the  link  between  them  is  carried  out  by  forces  of  the  van 
der  Waals  type.  The  link  inside  the  quintets  is  of  the  covalent 
nature  with  a  small  fraction  of  the  ion  bond.  This  determines 
the  considerable  anisotropy  of  the  thermoelectric  and 
mechanical  properties  of  single  crystals  of  these  materials  in 
the  directions  parallel  and  perpendicular  to  the  main 
crystallographic  axis.  Single  crystals  of  antimony  telluride 
doped  tin  up  to  1  mass.%,  selenium  and  bismuth  up  to  7 
mass.%  were  grown  using  Czochralski  method  of  pulling 
from  a  melt  with  liquid-phase  make  up  from  floating  crucible 
[1]. 

The  single  crystals  were  grown  in  the  direction  perpendicular 
to  the  trigonal  axis.  The  crystals  have  a  layered  structure  with 
very  distinct  cleavage  planes,  perpendicular  to  the  principal 
crystallographic  axis . 

Results  and  discussion. 

The  tin  and  selenium  content  in  the  crystals  was  determined 
by  using  atomic  flame  analysis  which  was  performed  on  a 
Perkin-Elmer  analyzer  [2].  The  effective  distribution 
coefficients  of  tin  k^  Sn=  0  8,  and  selenium  kefr  se  =  1.2 


(doping  Sb2Se3)  and  Ksst  =  0.64  (doping  Bi2Se3)  in  Sb2Te3 
were  determined. 

Electrophysical  properties  (  Seebeck  coefficient,  electro-  and 
thermoconductivities,  Hall  coefficient  and  Hall  mobility),  of 
single  crystals  of  various  compositions  at  room  temperature 
in  two  crystallographic  directions  parallel  and  perpendicular 
to  the  cleavage  planes  were  studied.  The  results  of  the 
investigation  are  summarized  in  Figs.  1,2  and  Tab.  1,2. 

With  increasing  Sn  content  in  Sb2Te3  Seebeck  coefficient  is 
essential  lowered,  electrical  and  thermal  conductivities  are 
change  small  (Fig.l,  Tab.  1).  The  concentration  dependencies 
of  Seebeck  coefficient  and  Hall  mobility  for  doped  with  tin 
crystals  were  considerable  smaller  than  theoretical  values 
calculated  when  the  parabolic  band  structure  and  acoustic 
scattering  mechanism  is  assumed.  We  established  that  tin 
atoms  act  as  accepters  and  one  atom  Sn  gave  1.3  holes. 


Fig.l.  Seebeck  coefficient  (a),  electroconductivity  (b),  total 
(1,3)  and  lattice  (2,4)  thermocoductivity  (c)  for  Sb2Te3  single 
crystals  doped  with  Sn  in  direction  parallel  (1,3)  and 
perpendicular  (2,4)  of  basal  planes. 

Doped  with  Se  and  Bi  lead  to  decrease  of  electrical  and 
thermal  conductivities  and  carrier  concentrations  (Fig.2,  table 
2),  Seebeck  coefficient  decrease  for  crystal  doping  11.6 
mol.%  Sb2Te3  and  increase  for  the  crystals  Sb2Te3  doping 
Bi2Se3  (from  7.4  mol.%)  and  Bi2  Te3  (from  10  mol.%). 
Doping  of  Sb2Te3  selenium  and  bismuth  decrease  deviation 
from  stoichiometric  composition  of  Sb2Te3.  Selenium 
replaced  tellurium  atoms  replaced  and  a  part  of  antimony 
atoms,  which  were  situated  in  the  tellurium  places,  therefore, 
the  carrier  concentrations  decrease. 
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mol.* 

Fig.2.  Seebeck  coefficient  (a),  electroconducUvity  (b), 
thcrmocoductivity  (c)  for  Sb2Te3  single  crystals  doped  with 
Bi2Te3(l),  Bi2Se3  (2),  SthSe,  (3). 

At  room  temperature  for  the  whole  crystals  the  anisotropy  of 
electroand  termoconductivities  was  highest  between  the 
directions  parallel  and  perpendicular  of  basal  planes  crj /a± 
=1. 9-2.8  and  k,/kx=1. 8-2.8  for  doped  with  Sn  (Tab.l)  and 
g,/ct1=2.5-4.2  and  K|/kx=  1.8-3  for  doped  with  Se  and  Bi 
(Tab.  2).  Anisotropy  of  Seebeck  coefficient  in  these  directions 
is  smaller,  the  anisotropy  factors  were  o^/ax=0.8-0.9 
(Tab.  1,2).  The  temperature  dependencies  of 

electroconductivity  and  Seebeck  coefficient  in  directions 
parallel  and  perpendicular  of  basal  planes  of  the  single 
crystals  of  Sb2Te3  doped  with  tin  (Fig.3  )  in  range  100-300  K 
were  studied. 


T.K 


Calculations  of  the  temperature  dependencies  of  the 
electroconductivity  of  the  single  crystals  in  direction  parallel 
to  basal  planes  showed  that  a  —  T"1 5  for  Sb2Te3.  In  this  case 
one  may  assume  the  acoustic  scattering  mechanism  and 
parabolic  band  structure,  but  for  St^Tes  single  ciystals  doped 
with  Sn  a  -  T°'°'7)  that  is  electroconductivity  more  feebly 
depend  on  temperature  (Fig.3).  This  may  be  attributed  to 
complex  band  structure  which  consist  of  two  under  bands 
with  heavy  and  light  holes  [3], 

Conclusion 

The  single  crystals  of  Sb2Te3  doped  with  Sn  up  to  1  mass.%, 
Se  and  Bi  up  to  7  mass.%  were  grown  by  Czochralski 
technique  with  melt  supply.  The  effective  distribution 
coefficients  (k)  of  Sn  k=0.8  and  Se  k=1.2  (doping  Sb2Te3) 
and  k=0.64  (doping  Bi2Se3)  were  determined  in  Sb2Te3.  With 
increasing  Sn  content  the  Seebeck  coefficient  is  lowered.  The 
Sn  atoms  act  as  accepters  and  one  atom  of  Sn  gave  1.3  holes. 
Doped  with  Se  and  Bi  lead  to  decrease  of  electrical  and 
thermal  conductivities  and  carrier  concentrations,  because 
decrease  deviation  from  stoichiometric  composition  of 
Sb2Te3. 

For  the  investigated  crystals  the  factors  of  the  anisotropy  of 
electro-  and  thermoconductivities  were  about  2-4,  and  of  the 
Seebeck  coefficient  were  0.8-0.9  in  the  directions  parallel  and 
perpendicular  to  the  cleavage  planes. 
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Fig.3.  Temperature  dependences  of  Seebeck  coefficient  (a) 
and  electroconductivity  (b)  SbfTei  single  crystals  (7,8),  doped 
with  0.3  (5,6);  0.38  (3,4);  0.74  (1,2)  wt  %  Sn  in  direction 
parallel(2,4,6,8)  and  perpendicular(l,3,5,7)  of  basal  planes 


112 


16th  International  Conference  on  Thermoelectrics  (1997) 


Composition  Dir. 

a 

a 

K  103 

K,  103 

M- 

R10'7 

PhIO'20 

<Vai 

K|/Ki 

(mkV/K)  (S/cm) 

(W/cmK)  (W/cmK) 

(cm2/Vs) 

(m3/c) 

(at/cm3) 

Sb2Te3,  || 

88 

4885 

47.6 

19.0 

418 

0.925 

0.7 

0.8 

2.7 

2.8 

dop.Te  1 

no 

1823 

17.0 

6.9 

156 

1.05 

Sb2Te3  || 

73 

19.8 

347 

0.77 

0.8 

0.8 

1.9 

1.8 

1 

26.2 

12.5 

183 

0.75 

Sbi.984Sno.oi6Te3  || 

51 

4926 

46.2 

14.1 

147 

0.301 

2.1 

0.8 

2.1 

2.3 

1 

64 

2342 

5.5 

70 

0.306 

a 

5120 

9.9 

133 

mm 

2.4 

0.8 

2.8 

2.3 

H 

1830 

19.5 

7.6 

48 

mm 

Sbi.98iSno..oi9Te3 1| 

37 

4425 

45.5 

15.2 

72 

0.162 

3.9 

0.9 

2.0 

2.2 

1 

42 

2260 

20.8 

5.6 

36 

0.167 

Table  1:  Thermoelectric  properties  of  Sb2Te3  single  crystals,  doped  with  Sn,  in  directions  parallel  and  perpendicular  of  basal 
planes  at  room  temperature 


Composition  N  cr.  | 

1 

Properties  \ 

l  1 

2  1 

3  1 

4  I 

5  1 

6  I 

7  I 

8  1 

9  1 

10  1 

11 

Bi2Te3,  mol.% 

- 

- 

0.5 

1.0 

1.5 

10.0 

. 

- 

- 

- 

- 

Sb2Se3,  mol.% 

- 

- 

- 

- 

- 

- 

1.9 

3.9 

11.6 

- 

- 

Bi2Se3,  mol.% 

- 

- 

- 

- 

- 

- 

- 

- 

3.7 

7.4 

Bi,  mass.% 

- 

- 

0.3 

0.66 

1.0 

6.5 

- 

- 

- 

2.7 

6.6 

Se,  mass.% 

- 

- 

- 

- 

- 

- 

0.74 

1,5 

4.5 

1.4 

2.8 

Excess  Te,  mas.% 

1.5 

- 

0.5 

1.5 

1.5 

1.5 

0.5 

0.5 

0.5 

1.5 

1.5 

a,  mkV/K 

88 

73 

82 

86.5 

88.5 

118 

85 

83.5 

70 

93 

116 

a,  S/cm 

4885 

4450 

4900 

4570 

4350 

3303 

4300 

3870 

2100 

3100 

2000 

k  103,  W/cmK 

47.6 

47.0 

44.5 

44.3 

38.6 

25.8 

44.1 

40 

26 

29.2 

24 

k,  103,  W/cmK 

19.0 

19.8 

15.3 

17.3 

13.1 

7.7 

18.6 

17 

13 

11.2 

13 

p  1020,  1/cm3 

0.7 

0.8 

0.9 

0.6 

0.7 

0.5 

0.5 

0.7 

0.4 

0.6 

0.3 

nip  104,  cm2/Vs 

418 

347 

362 

468 

394 

402 

498 

327 

375 

340 

403 

m  *fm0 

0.75 

0.67 

0.82 

0.67 

0.75 

0.83 

0.58 

0.71 

0.40 

0.72 

0.58 

a||,  mkV/K 

88 

7 

82 

86.5 

118 

88.5 

85 

83.5 

70 

93 

116 

aJM,  mkV/K 

110 

90 

97 

105 

135 

108 

102 

95 

84 

116 

137 

a|/ai 

0.8 

0.81 

0.85 

0.82 

0.87 

0.82 

0.83 

0.88 

0.83 

0.80 

0.85 

a,  S/cm 

4885 

4450 

4900 

4570 

3303 

4350 

4300 

3870 

2100 

3100 

2000 

a,  S/cm 

1823 

2340 

1170 

1645 

- 

- 

1740 

1155 

- 

- 

700 

a/ai  s  /s 

2.7 

1.9 

4.21 

2.8 

- 

- 

2.5 

13.4 

- 

- 

2.9 

k  10 ,  W/cmK 

47.6 

47.0 

44.5 

44.3 

38.6 

25.8 

44.1 

40.0 

26.0 

29.2 

24.0 

k  10 ,  W/cmK 

17.0 

26.2 

18.3 

15.8 

14.2 

- 

15.4 

- 

- 

13.5 

8.0 

Kjj/K! 

2.8 

1.8 

2.4 

2.8 

2.7 

- 

2.9 

- 

- 

2.2 

3.0 

Table  2:  Electrophysical  properties  and  anisotropy  of  Seebeck  coefficient,  electro-  and  thermoconductivities  in  directions 
parallel  and  perpendicular  of  basal  planes  of  Sb2Te3  single  crystals  doped  with  Bi2Te3,  Sb2Se3,  Bi2Se3  at  room  temperature 
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Abstract 

The  n-type  Sbp-doped  Bi2Te2.85Seo.15  thermoelectric 
compounds  were  fabricated  by  the  hot  pressing  in 
the  temperature  range  of  380  to  420  'C  under  100, 
150  and  200  MPa  in  Ar.  The  transmission  electron 
microscopy,  and  X-ray  diffraction  were  used  to 
investigate  the  detailed  microstructure.  We 
fabricated  relatively  dense  compounds.  The  relative 
density  of  the  compounds  fabricated  at  420  °C  was 
99.6  %.  The  grains  of  the  compounds  were 

preferentially  oriented  along  the  perpendicular  to  the 
pressing  direction  through  the  hot  pressing  and  also 
the  degree  of  preferred  orientation  increased  with 
the  hot  pressing  temperature  and  pressure.  In 
addition,  with  increasing  the  hot  pressing 
temperature,  the  figure  of  merit  was  increased  due 
to  the  increase  in  density  and  preferred  orientation. 
The  highest  figure  of  merit  (2.35  X 10  3/K)was 
obtained  at  420  °C  under  200MPa. 

Introduction 

Bismuth  telluride  and  alloys  of  Bi2Te3  with  BbSes 
are  the  materials  most  often  used  in  thermoelectric 
devices[l][2].  These  materials  can  be  made  not  only 
single  crystals  but  also  cold  or  hot  pressing  powder 
compacts.  In  general,  sintering  technique  is  not 
effective  because  the  figure  of  merit  of  sintered 
compounds  is  lower  than  that  of  single  crystals. 
However,  this  thecnique  able  to  reduce  the  thermal 
conductivity  due  to  the  scattering  of  phonons 
caused  by  grain  refinement  and  improve  the 
figure  of  merit[3][4],  .  In  this  work,  we  optimized 


fabrication  condition  of  hot-pressed  n-type  Sbp- 
doped  Bi2Te2.85Seo.15  compounds  and  then 
investigated  the  microstructure  and  thermoelectric 
properties  of  the  compounds. 

Experimental  procedure 

To  fabricate  the  n-type  Bi2Te2.85Seo.15  compounds 
doped  with  0.1  wt%  SbL,  the  starting  powders  with 
>99.99  %  purity  were  mixed.  The  powders  mixture 
was  placed  into  SiCb  and  then,  the  tube  was 
evacuated  below  10’4  torr  and  sealed.  The  melt  in 
the  tube  was  stirred  at  700  'C  for  6  hours  using  a 
rocking  furnace  to  make  a  homogeneous  melt 
without  segregation.  The  solidified  ingot  was 
crushed  and  sieved  to  prepare  powders  with  45-74 
gm  size.  The  resulting  powders  were  reduced  in 
hydrogen  atmosphere  at  360  'C  for  4  hours.  The 
powders  were  compacted  by  the  hot  pressing  in  the 
temperature  range  380  to  420  *C  at  steps  of  20  ‘C 
under  100,  150,  and  200  MPa  in  Ar  to  produce  the 
billets  with  30  mm  diameter  and  6  mm  length.  The 
density  of  the  hot-pressed  compounds  was 
measured  by  pycnometer  (Micrometric  Co.).  The 
preferred  orientation  of  grains  was  investigated  by 
X-ray  diffraction  (XRD).  Transmission  electron 
microscopy  (TEM)  was  used  to  examine  the 
microstructure  of  the  compounds.  The  thermoelectric 
properties  were  measured  at  room  temperature  along 
the  direction  perpendicular  to  the  pressing  direction. 
The  specimens  with  dimensions  of  2  X  2  X 15  mm 
and  of  4x4x4  mm  were  cut  out  of  the  compounds 
for  the  measurements  of  Seebeck  coefficient  a  and 
thermal  conductivity  k  and  of  the  relative 
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resistivity  p ,  respectively.  To  measure  the  Seebeck 
coefficient  a ,  heat  was  applied  to  the  specimen 
which  was  placed  between  the  two  Cu  discs.  The 
relative  resistivity  p  was  measured  by  the 
four-probe  technique.  The  repeat  measurement  was 
made  rapidly  with  a  duration  smaller  than  one 
second  to  prevent  errors  due  to  the  Peltier  effect. 
The  thermal  conductivity  k  was  measured  by  the 
static  comparative  method  using  a  transparent  SiC>2 
(  k  =1.36  W/Km  at  room  temperature)  as  a  standard 
sample  in  5X10"5  torr. 

Results  and  discussion 

Microstructure 

It  was  found  that  the  n-type  0.1  wt%  SbR-doped 
Bi2Te2.85Seo.15  compounds  were  relatively  dense.  The 
bonding  between  the  powders  became  strong  with 
increasing  the  pressing  temperature  and  pressure, 
resulting  in  an  increase  in  the  relative  density. 
Table  1  shows  the  relative  densities  as  a  function 
of  pressing  temperature  and  pressure. 

Table  1.  Variation  of  relative  density  the  n-type 


Bi2Te2.85Seo.15  compounds 

hot  pressed  at  various 

pressing  temperature  and  pressure. 

Pressing  Temperaure(  V) 

under  200  MPa 

Relative  Density(%) 

380 

98.1 

400 

98.5 

420 

99.2 

Pressing  Pressurei MPa) 

at  420  V 

RelativeDensity(  %) 

100 

97.9 

150 

98.5 

200 

99.2 

Fig.  1  shows  a  TEM  bright  field  image  from  the 
perpendicular  section  to  the  hot  pressing  direction 
for  the  compounds  hot  pressed  at  420  °C  under  200 
MPa.  Fig.  2(a)  and  (b)  show  the  XRD  patterns 
obtained  from  the  perpendicular  and  parallel 
sections,  respectively,  for  the  compounds  hot 
pressed  at  420  °C .  The  intensity  of  (0  0  6),  (0  0 
15),  and  (0  0  18)  planes,  which  are  perpendicular  to 


the  c-axis,  is  only  observed  at  the  perpendicular 
section.  This  indicates  that  the  grains  are 
preferentially  oriented  along  the  perpendicular  to 
the  pressing  direction  through  the  hot  pressing.  It 
has  previously  been  reported  that  the  preferred 
orientation  of  grains  is  observed  in  unidirectionally 
solidified  materials,  in  which  the  growing  direction 
is  perpendicular  to  the  c-axis  [5]. 


Fig.  1.  TEM  bright  field  image  from  the  perpendicular 
section  to  the  hot  pressing  direction  for  the  compounds 
hot  pressed  at  420  °C. 


20  (degree) 

Fig.  2.  XRD  patterns  obtained  from  the  (a) 
perpendicular  and  (b)  parallel  sections  to  the  hot 
pressing  direction  for  the  compounds  hot  pressed  at 
420  °C. 

Thermoelectric  properties 

Fig.  3  shows  the  carrier  concentration  nc  and  carrier 
mobility  fi  as  a  function  of  pressing  temperature. 
With  increasing  the  pressing  temperature,  the 
carrier  concentration  is  slightly  decreased,  whereas 
the  mobility  is  increased. 
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380  400  420 

Press  temperature  (t:) 


Fig.  3.  Carrier  concentration  nc  and  mobility  p  as  a 
function  of  the  hot  pressing  temperature. 


380  400  420 

Press  temperature  (Tc) 


Fig.  4.  Variation  of  Seebeck  coefficient  «  and 

electriccal  resistivity  p  with  hot  pressing  temperature. 

The  increase  in  carrier  mobility  results  from  the 
porosity  decrease.  The  variation  of  Seebeck 
coefficient  a  and  relative  resistivity  p  with  the 
pressing  temperature  is  shown  in  Fig.  4.  The 
relationship  between  the  a  and  nc  can  be  expressed 
as  follows:  a  ~  r  -  In  •  nCy  where  r  is  the  scattering 
factor  [6].  As  the  pressing  temperature  is  increased, 
the7  Seebeck  coefficient  is  slightly  increased  because 
of  the  decrease  in  carrier  concentration.  Also,  the 
relative  resistivity  is  slightly  decreased  with 
increasing  the  pressing  temperature.  The  relative 
resistivity  can  be  expressed  as  the  following 
relationship:  p=l/ncep.  Therefore,  it  seems  that 
with  increasing  the  pressing  temperature,  the  slight 
decrease  in  relative  resistivity  would  result  from  an 


increase  in  mobility  and  a  slight  decrease  in  carrier 

concentration.  Fig.  5  shows  the  thermal 

conductivity  k  of  the  compounds  hot  pressed  at 
various  temperatures.  It  is  increased  with  the 
pressing  temperature  probably  because  of  the 

density  increase.  The  figure  of  merit  Z  was 

calculated  using  the  following  equation:  Z-a2/  p  at. 
Fig.  6  shows  the  figure  of  merit  Z  of  the 
compounds  hot  pressed  at  various  temperatures. 
The  figure  of  merit  was  increased  with  the  pressing 
temperature  because  of  a  slight  decrease  in 
resistivity,  an  increase  in  Seebeck  coefficient,  and  a 
slight  increase  in  thermal  conductivity.  The 
compounds  hot  pressed  at  420  °C  shows  the  highest 
figure  of  merit  (Z=2.35x  10"3/K). 


380  400  420 

Press  temperature  (Tc) 


Fig.  5.  Thermal  conductivity  as  a  function  of  the  hot 
pressing  temperature. 


380  400  420 

Press  temperature  (ic) 


Fig.  6  Figure  of  merit  Z  of  the  compounds  hot  pressed 
at  various  temperatures. 
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Table  2.  Thermoelectric  properties  of  then-type 
Bi2Te2.85Seo.15  compounds  hot  pressed  at  various 
pressing  pressures. 


Hot  pressing  pressures(MPa) 

at  420  V 

100 

150 

200 

a  (fl/K) 

-131.6 

-139.5 

-161.9 

P  ( x  10~b&m) 

0.741 

0.753 

0.785 

k  (W/Km) 

1.201 

1.212 

1.423 

Z  (  XIO'VK ) 

1.95 

2.13 

2.35 

Table  2  shows  thermoelectric  properties  as  a 
function  of  pressing  pressures  under  420  "C.  With 
increasing  the  pressing  pressures,  the  figure  of 
merit  is  increased.  It  seems  that  with  increasing  the 
pressing  pressures,  the  increase  in  figure  of  merit 
would  result  from  an  increase  in  the  relative 
densities 

Conclusion 

1.  The  density  of  hot-pressed  n-type  0.1  wt% 

Sbl3-doped  Bi2Te2.85Seo.15  compounds  was  increased 
with  increasing  the  pressing  temperature  and 

pressures. 

2.  The  grains  of  the  compounds  were  preferentially 
oriented  through  the  hot  pressing  and  also  the 
degree  of  preferred  orientation  increased  with  the 
hot  pressing  temperature. 

3.  It  was  found  that  the  figure  of  merit  increased 

with  increasing  the  pressing  temperature  and 

pressures.  The  figure  of  merit  of  the  compounds  hot 
pressed  at  420  °C  under  200  MPa  was  2.35  x  10  3/K 
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Influence  of  growth  conditions  on  structure,  composition  homogeneity  and  mechanical 
properties  of  thermoelectric  crystals  for  coolers 
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Institute  of  Chemical  Problems  for  Microelectronics,  Moscow  Institute  of  Steel  and  Alloys 

Moscow,  Russia 


The  object  of  this  work  is  to  produce  by  economical 
method  (vertical  zone  melting)  the  polycrystalline  textured 
ingots  of  p-  and  n-type  thermoelectric  materials  (TEM)  based 
on  antimony  and  bismuth  tellurides  and  selenides  solid 
solutions  with  high  performance  parameters  (thermoelectric 
figure-of-merit  Z)  and  diameter  not  less  than  20  mm. 

Following  problems  were  to  be  solved: 

a)  the  formation  of  favorable  crystallographic  orientation  with 
minimum  scatter  which  allows  to  make  use  of  properties 
anisotropy  to  achieve  maximum  value  of  Z; 

b)  preparation  of  solid  solutions  with  reasonably 
homogeneous  composition  (along  and  across  the  ingot)  and 
reproducible  alloying  level; 

c)  elucidation  of  causes  of  mechanical  stresses,  that  are 
responsible  for  cracking,  to  produce  material  with  adequate 
mechanical  properties. 

The  texture,  phase  composition,  macro-  and  microscale 
composition  inhomogeneity  of  solid  solution  have  been 
studied  with  X-ray  diffraction  methods  by  evaluation  of  lattice 
parameter  and  smearing  (broadening)  of  diffraction  maxima. 
In  addition,  microheterogeneity  was  assessed  by 
microhardness  measurements  coupled  with  local  elemental 
microanalysis  (local  X-ray  microprobe). 

The  cracking  pattern  was  correlated  with 
microstructure  features  (using  optical  metallography  and  X- 
ray  topography). 

The  slip  lines  formed  by  indenter  prints  during 
microhardness  measurements  were  used  for  evaluation  of 
cross-sectional  disorder  of  adjacent  grains,  whose  cleavage 
planes  are  parallel  to  ingot  axis. 

The  growth  parameters  suppressing  dendrite 
crystallization  have  been  determined.  As  a  rule,  it  is 
impossible  to  control  the  orientation  of  individual  dendrites 
during  dendrite  growth  and,  hence,  the  structure  with 
randomly  oriented  grains  is  formed.  Moreover,  such  structure 
quite  often  exhibit  substantial  degree  of  chemical 
inhomogeneity  that  ultimately  can  go  so  far  as  segregation  of 
solid  solution.  This  phenomenon  reveals  itself  in  smearing 
(Fig.  la)  or  even  in  occurrence  of  two  diffraction  maxima 
(Fig.  lb) 

The  high  axial  thermal  gradient  (>  100-120  °C/cm)  and 
flat  crystallization  front  have  led  to  suppression  of  dendrite 
crystallization  and  formation  of  macrocrystalline  structure 
with  beneficial  well-defined  texture  (110)  +  (100),  with  C- 
axis  (that  is  normal  to  (0001)  cleavage  plane)  be 
perpendicular  to  the  ingot  axis.  Just  at  10-20  mm  distance 
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Fig.l  The  fragments  of  diffraction  patterns  ((220)  reflection, 
n-type  ingot)  that  are  specific  for  crystallization  of  dendrite 
type  -  the  absence  of  resolved  doublet  (a)  and  two  maxima 
due  to  stratification  into  two  solid  solutions  (b);  perfect 
coarse-grained  structure  with  minimal  inhomoheneity  -  the 
doublet  is  resolved,  diffraction  lines  are  narrow  (c). 
from  ingot  front  face  the  disordered  orientation  of  nucleation 
zone  changes  to  well-defined  structure.  The  figure  2  illustrates 
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from  ingot  front  face  the  disordered  orientation  of  nucleation 
zone  changes  to  well-defined  structure.  The  figure  2  illustrates 
the  variation  of  beneficial  structure  fraction  along  the  ingot 
length.  It  is  apparent  that  texture  changes  little  across  the 
ingot. 

Fig.  1  The  fragments  of  diffraction  patterns  ((220)  reflection, 
n-type  ingot)  that  are  specific  for  crystallization  of  dendrite 
type  -  the  absence  of  resolved  doublet  (a)  and  two  maxima 
due  to  stratification  into  two  solid  solutions  (b);  perfect 
coarse-grained  structure  with  minimal  inhomoheneity  -  the 
doublet  is  resolved,  diffraction  lines  are  narrow  (c). 


Fig.2:  The  variation  of  volume  fraction  of  grains  with 
beneficial  texture  along  n-type  ingot. 

The  evaluation  of  texture  scatter  indicated  that  scatter 
up  to  5  ang  deg  has  negligible  effect  on  Z  value  [1]. 

Fig.3  shows  the  variation  of  mean  composition  along 
ingot  length.  _ 

This  value  characterizes  the  macroscale 
inhomogeneity  and  was  evaluated  using  the  change  of  a 
lattice  dimension  along  the  axis  and  across  the  ingot  .  With 
exception  of  rather  narrow  zones  at  the  beginning  and  at  the 
end  of  ingot  length  the  concentration  of  solid  solution  remains 
practically  constant  and  corresponds  to  n-type  Bi2Te27Se03 
and  p-type  -  Sbt  5Bi0>5Te3  compositions. 


Fig.3  :The  variation  of  average  composition  along  and  across 
ingot. 

Microheterogeneity  that  was  assessed  from  diffraction 
reflections  broadening  values  also  substantially  decreased 
(Fig.2c):  doublet  Kal-Ka2  was  well  resolved,  the  diffraction 
reflections  became  narrow. 

The  important  factor  for  achievement  of  high 
thermoelectric  properties  in  n-type  ingots  is  uniform  and 
reproducible  doping  by  introduction  of  chlorine  in  the  form  of 
nonhygroscopic  Bi-Se-Cl  compound. 


One  of  important  technical  problems  in  preparation  of 
ingots  with  diameter  larger  than  20  mm  is  thermal  stress 
which  is  responsible  for  cracking  and  breakdown  of 
thermoelectric  material  not  only  at  subsequent  machining  step 
during  thermoelement  fabrication,  but  not  rarely  even  in  the 
process  of  ingot  cooling  .  The  distinctive  property  of 
hexagonal  crystal  lattice  of  Bi2Te3  type  compounds  is  that  the 
weak  Van  der  Waals  forces  act  between  cleavage  planes  of 
(0001)  type.  This  results  in  easy  spalling  and  destruction  of 
crystals  in  this  axial  direction.  The  ingots  with  very  high 
thermoelectric  properties,  which  were  formed  under  large 
thermal  gradients,  are  especially  susceptible  to  this  cracking 
tendency.  This  is  explained  by  the  fact  that  in  such  crystals  the 
cleavage  planes,  where  material  destruction  occurs,  are 
oriented  along  the  ingot  axis. 

The  crack  formation  takes  place  under  the  action  of 
tangential  thermal  stretching  stresses  which  in  this  case  are 
directed  perpendicularly  to  cleavage  planes  and  reach 
maximum  values  at  the  ingot  lateral  face.  This  results  in 
predominance  of  radial  cracks,  which  run  parallel  to  growth 
axis  and  are  located  mostly  at  peripheral  portions.  It  must  be 
emphasized  that  even  in  the  case  of  crystal  growth  with  flat 
crystallization  front  the  orthographic  pattern  is  characterized 
by  the  presence  of  radial  thermal  stresses  reaching  maximum 
values  in  central  portion  of  ingot  due  to  curved  axial 
temperature  profile  that  exists  in  actual  growth  conditions. 
Therefore  at  some  distance  from  lateral  face  the  formation  of 
circumferential  cracks  under  the  action  of  stretching  radial 
stresses  is  possible. 

The  cracks  observed  in  the  ingots  can  be  classified  as 
follows: 

•  intercrystalline  type  (at  grain  boundaries); 

•  transcrystalline  type  that  go  inside  grain  body 
along  cleavage  planes; 

There  is  quite  definite  correlation  between  the  ingot 
texture  features  and  crack  type: 

•  in  original  fine-grained  and  nontextured  zone 
the  intercrystalline  cracks  were  mostly  observed,  very 
likely  at  the  boundaries  of  poorly  oriented  grains.  As  a 
rule,  these  cracks  are  initiated  at  ingot  periphery; 

•  in  the  zone  with  well-defined  double  [(11.0)  + 
(30.0)]  axial  texture,  with  basal  plane  (00.1)  being  parallel 
to  growth  axis,  the  transcrystalline  cracks  are  observed, 
which  at  cross-sectional  cuts  have  the  form  of  smooth 
lines  and  are  related  to  breakdown  at  cleavage  planes.  The 
cracks  are  formed  both  at  depth  and  periphery  . 

The  causes  of  material  destruction  (cracks  formation) 
can  be  as  follows: 

1.  Thermal  stresses  that  were  caused  by  non-linear 
axial  temperature  gradient  even  in  the  case  of  flat 
crystallization  front. 

2.  Compositional  microheterogeneity. 

3.  Anisotropy  of  thermal  expansion  ratio  in  grains 
with  different  orientation. 

Let  us  analyze  the  role  of  each  factor. 

The  predominance  of  transcrystalline  cracks  in  the 
depth  of  grown  ingots  that  are  associated  with  the  breakdown 
at  cleavage  planes  leads  one  to  conclude  that  one  of  principal 
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causes  for  cracking  the  crystal  with  larger  diameter  is  the 
formation  of  thermal  stresses  related  to  heat  conditions  of 
growth.  This  conclusion  is  supported  by  the  fact  that  in  ingots 
with  20-25  cm  diameter  which  were  grown  at  high  thermal 
gradients  (120-150°C/cm)  the  cracks  at  cross-sections  are 
often  observed  in  quite  substantial  amount  (3-5  per  cross- 
section).  In  crystals  that  were  grown  with  lower  axial 
gradients  (not  more  than  80-100  °C/cm)  as  in  the  case  of 
crystals  with  small  diameter  the  cracking  is  practically  absent. 
At  the  same  time  we  must  be  aware  that  not  only  the 
magnitude  of  axial  gradient  but  also  the  curvature  of 
temperature  profile  is  important  [2]. 

According  to  tentative  estimates  [3]  the  spontaneous 
cracking  of  crystal  in  the  process  of  growth  or  during 
subsequent  machining  step,  including  cutting,  takes  place  at 
a/E  «  10‘3  (where  a  is  the  value  of  thermoelastic  stress,  E  - 
elasticity  module).  Taking  into  account  the  elastic  constants  of 
bismuth  tellurides,  reported  in  [4],  the  rough  estimate  of 
thermoelastic  stresses  in  ingots  grown  at  high  temperature 
gradients  is  about  several  kg/mm2.  It  must  be  noted  that 
destruction  of  TEM  crystals  takes  place  at  lower  values  of 
effective  temperature  gradients  in  comparison,  for  example, 
with  semi-conducting  compounds. 

Consequently,  the  special  control  of  thermal  conditions 
of  ingot  growth  to  decrease  thermoelastic  stress  magnitude  is 
one  of  main  factors  in  prevention  of  cracks  formation  when 
producing  TEM  ingots  with  larger  diameters. 

Another  important  factor  is  the  microheterogeneity  of 
solid  solution  composition.  As  was  noted  above,  the 
microscale  inhomogeneity  gives  rise  to  broadening  of 
diffraction  reflections  maxima.  We  also  established  that 
chemical  non-uniformity  of  such  kind  has  quite  clearly 
revealed  itself  in  microhardness  measurements  and  is 
confirmed  by  elemental  quantitative  analysis  of  main 
components  in  solid  solution.  Fig.  4  shows  the  variation  of 
microhardness  over  central  zone  diameter  of  n-type  ingot 
while  corresponding  variations  of  bismuth,  tellurium  and 
selenium  content  at  the  same  points  are  shown  in  Fig. 5  a,b,c. 


Fig.4:The  variation  of  microhardness  in  central  zone  of  n- 
type  ingot. 

Thus,  the  presented  data  demonstrate  that  even 
relatively  small  deviations  in  content  of  main  solid  solutions 
components  (within  ±  1  atomic  percent)  result  in  significant 
changes  of  microhardness  (as  much  as  several  times). 

The  cause  of  microheterogeneity  can  be  the  occurence 
of  concentration-dependent  supercooling  and  as  a  result  the 
distortion  of  flat  crystallization  front.  In  this  case  the 
projections  at  stepwise  crystallization  front,  extending  parallel 
with  cleavage  plane,  are  the  cause  for  development  of 


longitudinal  stratified  inhomogeneity  [4].  The  pre-condition 
for  concentration-dependent  supercooled  state  is  the  growth  of 
ingot  with  lower  thermal  gradients  and  sufficiently  high 
growth  rates.  If  the  Bi2Se3  segregation  ratio  K  >  1,  the 
projections  have  increased  amount  of  Bi2Se3  [4] 

According  to  [4  ]  the  critical  value  of  (G/V)cryt  ratio  for  solid 
solution  is  equal  to  (2-2.5)  105  °C/cm  (  G  is  axial 
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Fig.5:The  variation  of  elemental  composition  in  central  zone 
of  the  same  ingot. 

temperature  gradient  at  crystallization  front,  V  is  growth  rate). 
The  crystals  in  this  work  were  grown  at  G/V  «  (2-4)  106 
°C/cm.  Thus  it  is  impossible  to  be  sure  that  observed 
microhererogeneity  is  associated  with  distortion  of  flat 
crystallization  front. 

Nevertheless,  the  assessment  of  relative  microdeformation 
value  ,A a/a  (  i.e.  the  change  of  lattice  order  in  neighbouring 
microspaces),  using  (110)  and  (220)  diffraction  maxima 
broadening  values  gives  the  value  of  10'3  order  for  some  n- 
type  crystals  and  that  is  quite  enough  to  be  the  cause  of  local 
breakdown  (cracking)  of  material.  Fig.6  shows  the  variation 


Fig.6:The  variation  of  microhardness  in  central  zone  of  p-type 
ingots. 

of  microhardness  in  central  zone  of  p-type  ingot  where  any 
significant  deviations  from  average  microhardness  value  are 
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practically  absent.  In  this  case  the  development  of 
compositional  microheterogeneity  is  unlikely  since  the 
segragation  ratio  in  Sb2Te3-Bi2Se3  system  is  near  to 
unity.  Probably,  this  can  be  one  among  other  causes  of  crystal 
lesser  susceptibility  to  cracking. 

The  assessment  of  anisotropy  role  in  thermal 
expansion  ratios  of  adjacent  grains  in  stress  development  at 
grain  boundaries  as  a  function  of  adjacent  grains  orientation 
and  boundary  position,  demonstrated  that  due  to  well  defined 
structure  and  coarse  grain  size  of  ingots  the  proportion  of 
unfavorably  oriented  boundaries  is  small  and  transcrystalline 
destruction  from  thermal  expansion  anisotropy  does  not 
contribute  to  ingot  cracking  in  great  extent. 

The  optimization  of  growth  conditions  results  in 
preparation  of  sufficiently  homogenous  ingots  with  quite 
acceptable  mechanical  properties. 

Thus,  using  more  efficient  process  we  have  solved  , 
for  the  most  part,  the  technical  problems  in  preparation  of 
TEM  ingots  with  diameter  larger  than  20  mm; 

•  with  high  thermoelectric  parameters  (Z  >  3  10'3 

k_1); 

•  with  sufficiently  uniform  solid  solution 
composition; 

•  with  uniform  alloying  level; 

•  with  beneficial  texture  to  make  use  of 
properties  anisotropy  and  provide  maximum  quality  which 
is  peculiar  to  single  crystal; 

•  with  adequate  mechanical  properties. 
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IN  CONDITIONS  OF  STRUCTURAL  SUPERPLASTICITY 
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INTRODUCTION 

Superplasticity  is  important,  primarily,  due  to  the  fact  that 
intensive  plastic  deformations  can  be  created  under  low 
loads,  with  the  formation  of  material  with  a  homogeneous 
structure  in  cross-section.  The  establishment  of 
conditions  providing  for  the  apparent  superplasticity 
acquires  special  importance  for  the  realization  of  plastic 
deformation  of  thermoelectric  materials  [1],  For  this 
purpose  the  authors  have  investigated  the  process  of  hot 
extrusion  of  N-Bi2(Te,Se)3  and  P-(Bi,Sb);Te3  metal- 
ceramic  billets  through  conical  matrix  both  in  isobaric 

and  isothermic  conditions, 

ISOBARIC  CONDITIONS 

In  isobaric  conditions  the  temperature  dependences  of 
strain  rate  have  been  investigated.  Strain  rate  k  (its 
mean  value)  was  calculated  from  the  values  of  the 
degree  strain  e  and  the  time  of  the  material  residence  in 
the  strain  concentration  zone.  In  Ig^-I/T  (Fig .  1 ) 
coordinates,  where  T  is  the  temperature  of  extrusion, 
experimental  points  lie  on  straight  lines  correlating  with 
the  Arrhenius's  equation  s  ~  exp(-Q/RT).  where  Q  is 
an  apparent  energy  of  activation  of  the  plastic  flow,  R  is 
the  Rydberg  constant. 

Calculations  show  that  in  the  zone  of  minimal  rates  the 
apparent  energy  of  activation  is  maximal  and  amounts  to 
1.45  eV.  With  the  medium  rates  the  Q  value  dramatically 
decreases  to  0.79  eV  that  indicates  the  changing  of  the 

strain  mechanizm. 

ISOTHERMIC  CONDITIONS 

In  isothermic  conditions  the  pressure  dependences  of  the 
strain  rate  have  been  investigated.  To  the  authors’ 
opinion  over  90%  of  pressure  can  be  attributed  to  the 


Teinperature(°C) 

500  450  400 


(1/T)*10\  K  ‘ 

Fig.l.  Temperature  dependence  of  N-Bi2(Te,Se)3  plastic 
deformation  rate  under  constant  pressure  of  extrusion 
(kg/mm2):  1-  50;  2-  80;  3-  100;  stretching  coefficient 
k=280. 

resistance  to  the  strain  of  material  (S).  Some  straight-line 
zones  of  the  obtained  curves  in  logarithmic  coordinates 
(Fig  2)  are  described  by  the 

equation  S  =  N-£m  ,  where  N  is  a  constant,  m  is  a  strain- 
rate  sensitivity  index.  The  changing  incline  of  straight 
lines  indicates  that  with  the  growth  of  the  k  value  the  m 
value  gradually  decreases  from  «  0.8  (for  tne  N-type 
material)  at  rates  <  10'2  sec"1  to  lower  than  0.2  at 
maximal  rates.  It  qaulitatively  corresponds  to  the  II  and 
III  stages  of  typical  curves  of  superplasticity  [2], 
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lg£(sec  *) 

Fig  2  Pressure  dependences  of  N-Bi2(Te,Se)3  (3,  4) 
and  P-(Bi.Sb)  3Te3  (1 ,2,5)  plastic  deformation  rate  at  a 
constant  temperature  of  extrusion:  480(1).  450(2);  440(3, 
4).  400(5);  k  =  289  (1 , 2,  4,  5);  k=64  (3). 

STRUCTURE 

The  results  of  the  undeitaken  research  into  the  structure 
by  method  of  electronic  microscopy  (on  splits)  show  that 
the  particles  of  the  original  billet  are  characterized  by  a 
clearly  demonstrated  layer  structure  (Fig.  3a,  3d).  At  the 
initial  stage  of  the  process  of  plastic  deformation  the 
phenomenon  of  mechanical  twinning  is  observed 
(Fig.3e).  At  the  final  stage  of  plastic  deformation  the 
structure  is  completely  recrystallized  in  the  P-(Bi,Sb)  2Te3 
material  (Fig.  3b,  3c)  and  to  a  great  extent  in  the  N- 
Bi2(Te,Se)3  material  (Fig. 30-  The  mean  grain  size 
amounts  to  approximately  2  -  3  mp.  It  indicates,  that 
superplasticity  is  realized  through  grain  boundary  sliding. 
Although  grain  boundary  sliding  (structural 
superplasticity)  is  predominant,  a  certain  contribution  of 
the  diffusion  creep  and  dislocation  creep  cannot  be 
excluded.  With  high  strain  rates  there  is  not  enough  time 
for  the  processes  of  recrystallization  in  the  strain 
concentration  zone,  and  the  strain  (extrusion)  changes 


from  superplasticity  to  conventional  plasticity.  In  this 
case  the  samples  demonstrate  such  a  strain  structure  in 
which  grains  and  intercrystallite  impurities  are  stretched 
in  the  direction  of  extrusion. 

diffusion  and  characteristics 

To  identify  the  nature  of  diffusion  processes  going  in 
conditions  of  structural  superplasticity  the  original 
cylinder-shaped  billet  has  a  thin  interphase  boundary.  It 
was  a  plane  stretching  along  the  billet  axis  and  dividing 
two  tellurides  which  differed  in  metal  composition  (Fig. 4). 
Research  into  diffusion  by  method  of  micro-X-ray 
spectrometry  was  effected  on  lateral  and  axial 
microsections  which  were  perpendicular  to  the  phase 
boundary. 


Fig.4.  Design  of  a  composite  billet  for  the  research  into 
diffusion. 

Concentration  curves  characterizing  the  distribution  of  Bi 
and  Sb  in  pressing  residue  and  extruded  samples  were 
taken  by  the  MS-46  ("Cameca")  X-ray  installation.  X-ray 
characteristical  radiation  of  elements  was  registered  for 
Sb  on  the  Lul  line  and  for  Bi  on  the  Mtt,  line.  The 
diameter  of  the  electronic  probe  amounted  to  1  mp.  By 
the  above  mentioned  curves  the  depth  of  Sb 
penetration  into  Bi2Te3 

and  that  of  Bi  penetration  into  Sb2Te3  was  identified. 
Calculations  were  made  with  the  use  of  Lyubov-Fastov's 

equation  [3]  for  the  diffusion  in  plastic  deformation  media 
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Fig. 3.  Changing  of  the  microstructure  with  hot  extrusion  in  conditions  of  structural  superplasticity.  P-(Bi,Sb)  2Te3 
structure:  a  -  the  original  billet  (10,000x);  b  -  extruded  rod  (2  300x);  c  -  extruded  rod  (10,000x).  N-Bi2(Te,Se)3 
structure:  d-  the  original  billet  (10,000x);  e  -  a  mechanical  twin  on  the  boundary  of  the  strain  concentration  zone 
(10,000x);  f  -  extruded  rod  (lO.OOOx).  The  arrow  indicates  the  direction  of  extrusion. 
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with  due  account  for  the  initial  and  boundary  conditions 
which  were  determined  by  the  geometry  of  extrusion  tool 
(Fig  . 4).  This  equation  is  of  the  following  form: 

£1  &£_ , 

dr  d? 


where 


£  =  *• 


A 

R(t) 


Here,  x  is  an  experimentally  observed  depth  of  diffusion, 
%  is  the  depth  of  diffusion  with  due  account  for  the  plastic 
deformation,  x  is  the  time  of  diffusion  in  the  period  of 
plastic  deformation;  C  is  the  concentration  of  the 
diffusant;  D  is  the  diffusion  coefficient. 

The  equation  was  solved  by  the  following  way.  Assuming 
that  the  square  average  value  of  the  displacement  of  the 
diffusant  is 

c>2  C,  x  , 


this  expression  acquires  the  following  form: 


2 

u  =  *y,-TTr*dl 


Then 

i-dS=C,-D,- 


where  V0  is  the  rate  of  material  feeding  into  the  conical 
matrix.  Whence  the  solution  of  the  Lyubov-Fastov's 
equation  derived  with  due  account  for  the  boundary  and 
original  conditions  has  the  following  form: 


DrC:V<;i 


M. 


where  D,  is  a  diffusion  coefficient  of  the  chemical 
element  in  the  Ay,  thickness  layer  of  the  system  under 
consideration  which  is  located  in  the  conical  strain 
concentration  zone  at  the  y,  distance  from  its  onset;  Ci 
is  a  constant;  *,  =  x,Ro/R,  (x,  is  the  experimentally 
identified  displacement  of  the  diffusant;  2R,  is  the 


the  differentiation  result  is:  cd-  =  CiR02/R2  (t)  D{t)  dt.  The 
time  of  passing  the  y,  layer  to  the  depth  of  Ay,  =  y,  -  y,.i 
amount  to  At,  =  t,  -  t,.i  Having  the  time  of  passing 
through  the  Ay,  layer  and  y,.i  layer  to  the  onset  of  the 
strain  concentration  zone  one  can  identify  on  the  basis  of 
experimental  data  the  time  of  the  material  residence  in 
the  Ay,  layer.  The  time  of  the  process  of  deformation  is 
the  volume  of  pressing  portion  to  flown-out  material 
volume  per  second  ratio: 


t, 


r: 


3  •  V  ■  lg(p  ■  r 


where  V  is  the  rate  of  material  flow-out  from  the  conical 
matrix; 


.  (R.-R.j  UidR,  R-,  +  Rl:) 

3 -tgp-r-v 

Assuming  that  R, «  R  M  one  can  write  the  expression  as 
follows: 


A/  =  — B±.£j_ 
tg(p  y  V 

Assuming  that  R/tgcp  =  y  i,  accordingly 
A  R/tg(p  =  Ayi, 


diameter  of  the  strained  billet;  A;,  =  §  -  c,. i;  V0  is  the 
rate  of  the  material  feeding  into  the  strain  zone. 

In  experiment,  on  a  microsection  of  the  pressing  residue 
in  a  matrix  with  a  cp  =  30°  entry  angle  it  was  discovered 
that  for  the  investigated  elements  (Bi  and  Sb)  the  c,(y,) 
dependence  is  approximated  by  a  straight  line  (Fig. 5) 
with  an  accuracy  of  ±10%,  i.e.  =  C2  y,  and,  accordingly, 
A'i  =  C2  Ay, .  Then  D,  =  CV0y, ,  where  C  =  CiC2. 

In  the  outset  of  the  strain  concentration  zone  (y,  >yf0),  i.e. 
in  the  extruded  rod,  Dro  =  CV0yro.  It  follows,  that  in  the 
extruded  rod  the  s  strain  rate  dependence  of  cro  cannot 
occur  that  may  be  attributed  to  the  proportional  growth  of 
the  diffusion  coefficient.  The  established  proportional 
growth  of  the  diffusion  coefficient  with  the  increase  of 
the  strain  rate  in  the  process  of  extrusion  accounts  for 
the  stability  of  thermoelectric  characteristics  of  extruded 
rods  of  N-Bi2(Te,Se)3  and  P-(Bi,Sb)2Te3  solid  solutions 
within  a  wide  range  of  e  in  conditions  of  structural 
superplasticity  (Fig.6). 

The  practical  aspect  of  the  undertaken  research  is  the 
opportunity  to  spur  the  processes  of  diffusion  alignment 
of  statistical  microinhomogeneities  [4]  in  the  process  of 

hot  extrusion  in  conditions  of  structural  superplasticity 
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Fig. 5.  y,  dependence  of  Bi  penetration  into  Sb2Te3:  1  -  by 
the  results  of  the  analysis  of  the  pressing  residue  (k  = 
44.5;  cp  =  30°)  after  extrusion  with  T  =  480°  C  and  V  = 
0.5  mm/sec.:  2  -  data  from  extruded  samples. 

through  the  reduction  of  the  angle  (cp)  of  entry  into  matrix 
(see  Fig. 4).  It  allows  to  produce  the  rods  of  over  20  mm 
diameter  from  N-Bi2(Te,Se)3  and  P-(Bi,Sb)2Te3  metal- 

ceramic  billets  by  method  of  extrusion. 

CONCLUSIONS 

In  isobaric  conditions,  in  the  zone  of  minimal  rates  of 
plastic  deformation  the  apparent  energy  of  activation  of 
plastic  deformation  of  the  N-Bi2(Te,Se)3  material  is 
maximal  and  amounts  to  1.45  eV.  With  medium  rates 
the  value  of  the  energy  of  activation  dramatically 
decreases  to  0.79  eV  that  proves  the  changing  of  the 
strain  mechanizm. 

For  isothermic  conditions  it  was  discovered,  that  with  the 
increase  of  the  strain  rate  the  strain-rate  sensitivity  index 
for  the  N-Bi2(Te,Se)3  material  decreases  from  the  value 
of  ~  0.8  to  that  of  lower  than  0.2  which  is  attained  at 
maximal  rates.  It  qualitatively  corresponds  to  the  II  and 
III  stages  of  typical  curves  of  superplasticity. 

The  results  of  the  research  into  the  structure  by  method 
of  electronic  microscopy  show  that  the  grain  boundary 
sliding  is  the  main  micromechanizm  of  superplasticity  of 
low-temperature  thermoelectric  materials. 
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Fig.6.  Strain  rate  dependence  of  electrical  conductivity 
(1,2)  and  Seebeck  coefficient  (3,4)  of  P-(Bi,Sb)2Te3  (1,3) 
and  N-Bi2(Te,Se)3  (2,4)  samples  extruded  at  k  =  64. 


The  proportional  growth  of  the  diffusion  coefficient  with 
the  increase  of  strain  rate  has  been  established.  It 
accounts  for  the  absence  of  strain  rate  dependence  of 
thermoelectric  characteristics  of  N-Bi2(Te,Se)3  and  P- 
(Bi,Sb)2Te3  TE  legs  if  the  latter  are  produced  in 
conditions  of  structural  superplasticity. 
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Abstract 

(Bii-xSbx)2Te3  (0.75  <0.85)  thermoelectric 

materials  were  fabricated  by  mechanical  alloying  and 
hot  pressing  at  550  °C  for  30  minutes  with  and  without 
a  reduction  treatment  of  the  mechanically  alloyed 
powders.  When  the  mechanically  alloyed  (Bii-xSbxhTes 
powders  were  hot-pressed  without  a  reduction 
treatment,  a  maximum  figure-of-merit  of  2.92  x  10  3/K 
at  300K  was  obtained  for  x  =  0.8  composition. 
Although  the  electrical  resistivity  of  the  mechanically 
alloyed  (Bii-xSbx)2Te3  decreased  with  a  reduction 
treatment  of  the  powders,  the  figure-of-merit  was 
lowered  due  to  the  substantial  decrease  of  the 
Seebeck  coefficient.  With  addition  of  1  wt%  excess 
Te,  the  figure-of-merit  of  the  reduction- treated 
(Bio.2Sbo.8)2Te3  could  be  improved  to  be  3.33xiO“8/K. 

Introduction 

As  a  new  processing  technique,  mechanical  alloying 
process  has  been  investigated  to  fabricate  poly¬ 
crystalline  thermoelectric  materials  such  as  Si-Ge 
alloys  and  Bi2Te3~based  alloys  [1-3].  Mechanical 
alloying  is  a  technique  in  which  alloy  powders  are 
fabricated  from  the  elemental  powders  through  a 
sequence  of  collision  events  inside  a  high  energy 
ball  mill  [4].  Since  mechanical  alloying  occurs  near 
room  temperature,  this  technique  can  be  a  cost¬ 
saving  process  for  the  production  of  polycrystalline 
thermoelectric  materials  compared  with  the  conven¬ 
tional  "vacuum  melting/grinding"  process  [1].  Also 
the  vaporization  of  the  chalcogenide  elements  such 
as  Te  and  segregation  of  dopants  may  be  prevented 
in  the  powders  produced  by  mechanical  alloying,  as 
melting  process  is  not  involved  during  powder 
fabrication. 

In  this  paper,  the  effects  of  a  hydrogen-reduction 
treatment  and  excess-Te  doping  on  the  thermoelectric 
properties  of  the  mechanically  alloyed  and  hot-pressed 
(Bii-xSbx)2Te3  (0.75  <  x  <  0.85)  alloys  have  been 
investigated. 

Experimental  procedure 

High  purity  (>  99.99%)  Bi,  Sb,  and  Te  granules 
were  weighed  for  (Bii-xSbx)2Te3  (0.75  <  x  ^  0.85) 


compositions  and  charged  in  a  hardened  tool-steel 
vial  with  steel  balls  as  milling  media  under  Ar 
atmosphere.  Ball-to-material  weight  ratio  was  held 
at  5  :  1.  Mechanical  alloying  was  conducted  by 
shaking  the  vial  at  about  1200  rpm  using  a  Spex 
mill.  (Bio.2sSbo.75)2Te3  and  (Bio.2Sbo.s)2Te3  powders  were 
fabricated  by  mechanical  alloying  for  5  hours,  and 
(Bio.i5Sbo.85)2Te3  powders  were  mechanically  alloyed  for 
6.5  hours.  A  reduction  treatment  of  the  mecha¬ 
nically  alloyed  powders  was  performed  at  400  °C  for 
24  hours  in  (50%  H2  +  50%  Ar)  atmosphere. 

The  (Bii-xSbx)2Te3  powders,  with  and  without  a 
reduction  treatment,  were  cold-pressed  at  320  MPa 
to  form  5  mm  x  5  mm  x  10  mm  compacts,  and  hot 
pressed  in  vacuum  at  550  °C  for  30  minutes. 
Fracture  surface  of  the  hot-pressed  specimens, 
parallel  to  the  hot-pressing  direction,  was  observed 
using  scanning  electron  microscopy  (SEM).  The 
Seebeck  coefficient  (ct)  was  measured  at  300K  by 
applying  a  temperature  difference  of  10  °C  at  both 
ends  of  a  specimen  using  a  sub -heater.  The 
electrical  resistivity  (p)  and  thermal  conductivity  (k) 
were  measured  at  300K  using  Harman  method  in  a 
vacuum  of  10~5  torr  to  minimize  the  thermal 
conduction  through  convection,  and  the  figure-of- 
merit  was  calculated  from  Z  =  ct2/p’K.  Carrier 
concentration  and  mobility  of  the  hot-pressed 
(Bii-xSbx)2Te3  were  obtained  using  Hall  measure¬ 
ments  with  AC  magnetic  fields. 

Results  and  Discussion 

The  Seebeck  coefficient  and  electrical  resistivity  of 
(Bii-xSbx)2Te3  are  shown  in  Fig.  1  with  variation  of 
Sb2Te3  content  x.  The  thermoelectric  properties  of 
(Bii-xSbx)2Te3  with  the  reduction  treatment  are  also 
illustrated  in  Fig.  1.  For  (Bii-xSbx)2Te3  without  the 
reduction  treatment,  the  Seebeck  coefficient  and 
electrical  resistivity  were  lowered  with  increasing 
Sb2Te3  content  x.  However,  the  electrical  resistivities 
of  (Bii-xSbx)2Te3  fabricated  by  mechanical  alloying  and 
hot  pressing  are  higher,  even  without  any  addition  of 
donor  dopant,  than  -1  m&-cm  of  the  donor-doped 
single  crystals  [5-7].  As  mechanical  alloying  occurs 
by  repeated  fracture  and  cold  welding  of  the  powders 
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during  vibro-milling  process  [4],  the  mechanically 
alloyed  powders  are  heavily  deformed  and  the  surface 
of  powders  is  easily  oxidized  even  in  an  atmosphere 
of  low  oxygen  pressure.  It  has  been  reported  that 
heavily -deformed  BhTes  ingots  changes  the  conduction 
mechanism  from  p-type  to  n-type  due  to  the 
generation  of  Te  vacancies  (VTe  )  which  act  as 
donors  [7].  Also  the  oxygens  dissolved  in  the 
(Bi,Sb)2Te3  lattice  have  an  effect  to  add  donor  levels 
[8].  Incorporation  of  the  oxygen  into  the  lattice  would 
be  enhanced  in  the  mechanically  alloyed  powders  due 
to  the  increase  of  the  vacancy  concentration  and 
dislocation  density  by  heavy  deformation.  Thus,  high 
electrical  resistivity  of  the  mechanically  alloyed 
(Bii-xSbx)2Te3  could  be  attributed  to  the  reduction  of 
the  hole  concentration  by  compensation  with  electrons 
generated  by  VTe'  and  the  powder- surface  oxidation. 
As  shown  in  Fig.  2,  the  hole  concentrations  of  the 
mechanically  alloyed  (Bii-xSbx)2Te3  were  lower  than 
the  values  reported  for  the  single  crystals  [5],  The 
carrier  mobilities  of  the  mechanically  alloyed 
(Bii  -xSbx)2Te3  were  also  lower  than  ones  of  the  single 
crystals  [5]. 

As  shown  in  Fig.  3,  the  mechanically  alloyed  (Bii-x 
Sbx)2Te3  exhibited  relatively  low  thermal  conductivity 
(Ktot)  of  0.86  ~  1.35  W/K-m,  compared  to  single 


Sb2Te3  content  x  in  (Bi,  xSbx)2Te3 

Fig.  1  (a)  Seebeck  coefficient  and  (b)  electrical 

resistivity  of  (Bii-xSbx)2Te3. 


crystals  [5-7].  Assuming  the  mechanically  alloyed 
(Bii-xSbx)2Te3  as  a  degenerate  semiconductor,  the 
Lorenz  number  was  taken  as  (n2/3)(k/e)2  and  the 
electrical  thermal  conductivity  was  calculated  from  Kei 
=  LoOT.  (Ktot  -  Kph)  of  the  mechanically  alloyed 
(Bii-xSbx)2Te3  was  0.67  ~  0.71  W/K-m.  Although  the 
mechanically  alloyed  (Bii-xSbx)2Te3  exhibited  lower  a2a 
than  single  crystals  [5],  a  figure-of-merit  of  2.96  x 
10  3/K  comparable  to  the  values  of  single  crystals  was 
obtained  for  the  mechanically  alloyed  (Bio.2Sbo.8)2Te3 
due  to  the  low  thermal  conductivity. 

The  mechanically  alloyed  (Bii-xSbx)2Te3  powders  were 
reduction-treated  in  (50%  H2  +  50%  Ar)  atmosphere 
and  hot  pressed  in  vacuum.  The  Seebeck  coefficient 
and  electrical  resistivity  of  (Bii-xSbx)2Te3  decreased 
with  the  reduction  treatment.  The  increase  of  the  hole 
concentration  with  the  reduction  treatment,  shown  in 
Fig.  2,  may  be  due  to  the  removal  of  VTe’  and  the 
oxide  layer  of  the  powder  surface.  During  the 
reduction  treatment,  Bi/Sb  vacancies  acting  as 
acceptors  also  could  be  annealed  out.  However,  more 
Te  vacancies  than  Bi  vacancies  would  be  removed  by 
dislocation  climb  to  the  low  energy  Te-Te  planes 
[8],  and  hence  the  hole  concentration  increased.  The 
figure-of-merit  of  (Bii-xSbx)2Te3  was  lowered  with  the 
reduction  treatment  (Fig.  3). 


Fig.  2  (a)  Hole  concentration  and  (b)  mobility  of 
(Bii-xSbx)2Te3. 
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As  shown  in  Fig.  4,  the  grain  size  of  the  oxidation  of  BkTes  [8],  is  higher  than  that  of 

mechanically  alloyed  (Bii-xSbx)2Te3  became  remarkably  (Bi,Sb)2Te3  alloys,  which  eliminates  the  possibility  of 

smaller  with  the  reduction  treatment.  The  vacancy  the  liquid  phase  sintering. 

concentration  and  the  dislocation  density  of  the  (Bio.2Sbo.8)2Te3  powders  doped  with  excess  Te  were 

mechanically  alloyed  powders  were  lowered  with  the  fabricated  by  mechanical  alloying,  reduction-treated, 

reduction  treatment.  Then,  the  diffusion  rates  of  Bi,  and  hot  pressed  at  550 °C.  The  thermoelectric 

Sb  and  Te  in  the  lattice  would  be  decrease  and  the  properties  of  excess  Te-doped  (Bio.2Sbo.8)2Te3.  with  and 

grain  growth  of  the  reduction-treated  (Bii-xSbx)2Te3  without  the  reduction  treatment,  are  shown  in  Fig.  5. 

seemed  to  be  prohibited  during  hot  pressing.  Grain  Contrary  to  the  fact  that  the  electrical  resistivity  of 

refinement  with  the  reduction  treatment  might  be  the  single  crystal  (Bi,Sb)2Te3  increased  with  excess 

considered  to  be  due  to  the  removal  of  the  oxide  layer  Te  doping  due  to  the  decrease  of  the  anti-structure 

on  the  powder  surface,  if  liquid  phase  sintering  was  defect  concentration  [6],  the  electrical  resistivity  of  the 

promoted  with  the  oxide  layer.  However,  the  melting  mechanically  alloyed  (Bio.2Sbo.8)2Te3  decreased  with 

point  of  Bi2C>3,  produced  as  the  oxide  layer  during  addition  of  excess  Te  up  to  2  wt%. 


Fig.  3  (a)  Thermal  conductivity  and  (b)  figure-of-merit  of  (Bii  xSbx)2Te3. 


Fig.  4  SEM  micrographs  of  (a)  (Bi0.25Sbo.75)2Te3,  (b)  (Bio.2Sbo.8)2Te3  and  (c)  (Bio.i5Sbo.85)2Te3  without  a  reduction 
treatment,  (d)  (Bio.25Sbo.75)2Te3,  (e)  (Bio.2Sbo.8)2Te3  and  (f)  (BioasSbosskTea  with  a  reduction  treatment. 
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Amount  of  excess  Te  (wt%)  Amount  of  excess  Te  (wt%) 


Fig.  5  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity,  and  (d)  figure- of-merit 

of  (Bio.2Sbo.8)2Te3  as  a  function  of  the  amount  of  excess  Te  addition. 


This  might  be  due  to  less  generation  of  Te  vacancies 
during  mechanical  alloying  of  the  Te-doped  powders. 
It  is  also  plausible  that  Te  vacancies  were  removed 
more  easily  during  hot  pressing  of  the  excess-Te 
doped  powders  due  to  the  incorporation  of  excess  Te 
into  its  own  site  in  the  lattice.  As  shown  in  Fig.  5(a), 
the  Seebeck  coefficient  increased  with  addition  of 
excess  Te  up  to  about  1  wt%.  To  fully  explain  the 
thermoelectric  properties  of  the  mechanically  alloyed 
(Bio.2Sbo.8)2Te3  with  excess  Te,  further  experiments  are 
required.  Nevertheless,  the  figure-of-merit  of  the 
mechanically  alloyed  (Bio.2Sbo.s)2Te3  was  markedly 
improved  with  addition  of  1  —  2  wt%  excess  Te. 

Summary 

When  the  mechanically  alloyed  (Bii-xSbx)2Te3  powders 
were  hot-pressed  without  a  reduction  treatment,  a 
maximum  figure- of-merit  of  2.96  x  10  3/K  was 
obtained  for  x  =  0.8  composition.  With  the  reduction 
treatment,  the  electrical  resistivity  decreased,  but  the 
figure-of-merit  of  (Bio.i5Sbo.8s)2Te3  was  lowered  due  to 
the  substantial  decrease  of  the  Seebeck  coefficient. 
The  figure-of-merit  of  (Bio.2Sbo.s)2Te3  could  be 
improved  remarkably  with  the  addition  of  excess  Te. 
A  maximum  figure-of-merit  of  3.33X10  3/K  was 
obtained  for  the  reduction- treated  (Bio.2Sbo.s)2Te3  with 


1  wt%  excess  Te.  Without  the  reduction  treatment,  2 
wt%  Te-doped  specimen  exhibited  a  figure-of-merit 
of  3.2  x  10" 3/K. 

Acknowledgment 

This  work  was  supported  by  the  Institute  of 
Information  Technology  Assessment  of  Korea. 

References 

[1]  B.  A.  Cook,  B.  J.  Beaudry,  J.  L.  Harringa,  and 

W.  J.  Barnett,  Proc.  of  the  IXth  ICT,  p.234,  1990. 

[2]  0.  Sh.  Gogishvili,  I.  P.  Lavrinenko,  S.  P.  Lalykin, 

T.  M.  Melashivili,  and  L.  D.  Rogovoy,  ibid,  p.271, 
1990. 

[3]  B.  Y.  Jung,  T.  S.  Oh,  D.  B.  Hyun,  and  J.  D. 

Shim,  J.  Korean  Phys.  Soc.,  31  (1997)  219. 

[4]  R.  Sundaresan  and  F.  H.  Froes,  J.  of  Metals,  8 

(1987)  22. 

[5]  J.  D.  Shim  and  D.  B.  Hyun,  Proc.  of  the  IXth 
ICT,  p.27,  1990. 

[6]  W.  M.  Yim  and  F.  D.  Rosi,  Solid-State 
Electronics,  15  (1972)  1121 

[7]  H.  P.  Ha,  Y.  W.  Cho,  J.  Y.  Byun,  and  J.  D. 

Shim,  Proc.  of  the  Xllth  ICT,  p.105,  1993. 

[8]  J.  M.  Schultz,  J.  P.  McHugh,  and  W.  A.  Tiller, 

J.  Appl.  Phys.,  33  (1962)  2443. 


130 


16th  International  Conference  on  Thermoelectrics  (1997) 


Structural-  Chemical  Characterization  of  Semiconductors  Using 
The  Seebeck  And  Thermal  Conductivity  Quality  Factors 

Donald  Tuomi 

Tuomi  Associates,  626  South  Kaspar  Ave.,  Arlington  His.  IL  60005 
Tel:  00/847/392-3003;  E-mail:  dtuomi@juno.com 


Abstract 

The  evaluation  of  alloy  quality  utilizing  die  election 
mobility  -  effective  mass  product.  p0(m*/m0)3/2,  for  acoustic 
mode  alloy  scattering  of  electrons,  die  Seebeck  quality  factor,  Qs, 
and  an  empirically  defined  thermal  conductivity  quality  factor, 
Qk,  provides  insight  into  options  for  producing  improved 
superior  thermoelectric  alloys. 

Introduction 

In  1961,  Tbomi  introduced  the  Seebeck  Quality  Factor,  Qs, 
(1),  to  relate  the  alloy  Seebeck  coefficient  to  the  electrical 
conductivity  and  die  thermal  conductivity  quality  factor,  Qk,  (2), 
to  relate  the  thermal  conductivity  to  the  electrical  conductivity  of 
thermoelectric  energy  conversion  alloys.  The  material  parameters 
supplemented  die  engineering  parameters:  the  power  coefficient 
and  the  figure  of  merit  The  Seebeck  quality,  Qs,  is  the  election 
mobility  -  effective  electron  mass  product,  fi0(m*/m,)3/2  ,  for 
acoustic  mode  alloy  scattering  of  elections  in  units  of  cm2/voll 
sec.  The  thermal  conductivity  quality,  Qk,  is  empirically  derived 
as  a  lattice  component  of  thermal  conductivity  for  a  degenerate 
semiconductor  corrected  tor  the  reduction  in  thermal  conductivity 
associated  with  die  alloy  doping  (3)  in  unite  of  mw/cmK.  Hie 
designation  of  Qs  and  Qk  recognizes  die  dependence  of  the 
variables  on  material  composition  and  processing.  Constant 
values  of  Qs  and  Qk  for  a  series  of  samples  reflect  the  operation 
of  apuie  extrinsic  dopant  variable  as  illustrated  in  Fig.  1  .  Alloy 
samples  became  characterized  by  die  variables  S,  6,  k,  S2  6,  Z,  Qs, 
Qk,  and  M.  .  The  Qs  curves  in  Fig.  2  were  used  in  optimizing 
cooling  alloys.  Fig.  3  shows  die  logarithmic  scale  form  Qs  curves 
used  to  evaluate  literature  data.  The  Qs  relationship  tp  die  power 
coefficient  Qs/Qk  =  M  =32.5  is  shown  in  Fig.  4  .  The  material 
parameter,  M,  is  related  to  Z  as  shown  in  Fig.  5 . 

In  1961,  Donald  Tuomi  and  John  Hoiwalh  began 
accumulating  literature  on  thermoelectric  alloys  which,  where 
possible,  was  evaluated  by  Qs,  Qk,  and  M. 

The  private  Borg-Wamer  research  program  sought  alloy 
options  opening  thermoelectric  energy  conversion  to  larger  scale 
commercial  exploitation.  At  this  time,  many  materials  R  &  D 
programs  were  being  closed  because  little  progress  was  evident 
toward  achieving  die  large  scale  applications. 

Though  very  high  figure  of  merit  alloys  were  not 
encountered,  significant  progress  was  made  in  describing  the 
general  challenge.  The  following  discussion  focuses  upon  new 
options  revealed  through  the  applications  of  quality  factor 
analyses. 

The  Bismuth  Teflurides,  (Bi^>b)2  (Styl  e), 


The  optimization  technology  of  the  bismuth  telluride  class 
alloys  has  been  described  (4  ).  Examining  the  general  preparative 
literature  for  the  Qs  dependence  on  the  alloy  composition  and  the 
preparative  technology  reveals  the  general  challenges  of  bismuth 
telluride  class  optimization  (5) . 

For  die  P  type  bismuth  antimonyl  telluride  alloys  die  Qs 
varies  with  preparative  composition  and  technology  as  shown  in 
Fig.  6 .  Near  the  75/25  antimony  to  bismuth  composition  a  500 
Qs  is  encountered  in  a  Bridgman  sample  while  the  300  to  400  Qs 
range  is  accessible  by  both  grown  Bridgman  rod  and  powder 
metallurgical  compact  techniques  with  die  latter  measured 
perpendicular  to  the  pressing  direction  and  tire  former  measured 
parallel  to  the  rod  axis  (i.e.  tire  crystallographic  cleavage  plane 
oriented  parallel  to  growth  direction).  During  annealing  die  P 
type  powder  metallurgical  samples  recrystallize  to  form  equiaxed 
grains.  A  critical  variable  is  equilibrating  die  solid  phase  with 
excess  tellurium  while  minimizing  second  phase  tellurium 
eutectic  degradation  of  die  Qs.  In  tellurium  deficit  matrix  phase 
lattice  vacancies  precipitate  as  dislocation  loops  which  degrade 
Qs. 

Limited  data  for  a  few  Bridgman  rods  grown  in  tire  greater 
than  50%  bismuth  region  show  P  in  the  300-350  Qs  range  and  N 
type  in  the  400  Qs  range  suggesting  superior  alloys  may  also  be 
accessible  in  this  region  of  composition  for  both  types.  Neither 
option  has  been  subject  to  careful  scrutiny. 

The  Qs  for  N  type  bismuth  telhuoselenide  alloys  are 
summarized  in  Fig.  7  .  A  clearly  defined  outlier  Qs  limit  tor 
grown  rods  is  evident  between  a  525  Qs  at  die  bismuth  telluride 
and  slightty  greater  than  300  Qs  at  die  B^Te^e  composition  with 
selenium  substituting  for  centrosymmetric  tellurium,  Te11,  with 
tire  crystal  cleavage  plane  oriented  parallel  to  the  growth  axis. 
The  variable  Qs  for  the  grown  rod  class  alloys  arises  from 
variations  in  tire  detailed  chemical  stoichiometry,  the  crystal 
orientations,  variations  in  tire  cross-sectional  compositional 
homogeneity,  inappropriate  dopant  distributions,  improper  site 
occupation  by  tire  selenium,  as  well  as  second  phase  peritectic  or 
eutectic  phase  enhancement  or  degradation  of  Qs . 

A  distinctly  lower  outlier  Qs  range.  Fig.  8,  exists  for  tire 
powder  metallurgical  N  type  alloys  with  tire  higher  Qs  again 
appearing  in  the  perpendicular  to  pressing  direction,  a  270  Qs  at 
the  Bi2Te3  composition  increasing  to  300  Qs  at  tire  Bi2TeMSea6 
composition.  These  N  type  samples  are  characterized  by  a 
deformation  twin  reciystallization  substructure  which  complicates 
tire  interpretation  of  die  anisotropic  properties  origins. 

Superior  oriented  grown  N  type  rods  should  be  producible 
near  die  500  Qs  range  as  compared  to  die  300  to  400  Qs  of 
common  alloys.  Imperfection  structure  controls  are  needed  in  die 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


131 


16th  International  Conference  on  Thermoelectrics  (1997) 


crystals  to  minimize  Ihe  cleavage  degradation  of  the  die  for 
modules. 

The  P  type  rods  grown  in  the  N  type  composhion  field.  Fig. 
8,  have  a  Qs  as  high  as  500  at  the  Bi2Te3  composition  and  an 
outlier  near  400  Qs  at  0.5  Se  substitution  for  Te“.  A  possibility 
exists  for  high  quality  P  type  preparation  in  the  normally  N  type 
composition  field. 

The  old  paradigm  regarding  the  selection  of  die  optimum 
chemical  compositions  for  good  N  type  as  a  bismuth 
teUmoselenide  and  P  type  as  an  antimony  bismuthyi  telluride 
class  alloy  may  need  to  be  revised. 

Unfortunately  sufficient  literature  (Jr  data  for  the  bismuth 
telluride  class  alloys  are  not  available  to  make  a  detailed  analysis. 
Variations  of  Qk  may  occur  in  file  space  averaged  properties  of 
test  samples  so  die  Qs/Qk  =  M  ratio  is  improved  or  degraded 
depending  on  the  contributing  imperfection  structures. 

The  optimization  of  the  bismuth  telluride,  2-3,  class  alloys 
has  not  yet  been  performed  in  an  exhaustive  manner  to  produce 
the  superior  alloys  for  Ihe  P  and  N  type  legs  of  modules.  The 
necessary  commercial  technologies  have  not  been  developed. 

The  Bl-Sb-Te-Se  Chemical  System 

The  Bi-Sb  -  Te-Se,  A-B,  quaternary  system  (6)  contains 
several  semiconductor  alloy  systems  as  shown  in  Fig.  9  ,  and 
conveniently  described  as  the  following  material  classes: 


•  N  type  A ,  Bi-Sb  alloys  . —1,500  Qs, 

•  P  type  B,  Te-Se  alloys  .  -250  Qs, 

•  N  type  A2B3  alloys  Brieh .  — 400-500  Qs, 

•  PtypeA2B3  alloys  Arich  .  -400-500  Qs, 


•  N  type  AteB  peritectic,  Bil  t.,Te  with  SbTe  and/or  BiSe 

.  -300  Qs,  when 

oriented  with  cleavage  plane  parallel  to  growth  direction, 

•  P  type  Au,  B  peritectic,  Sbte.Te  with  BiTe  and/or 


SbSe . T .  ?  >50  Qs  *, 

•  N  type  A2ia  B  peritectic  Bi^Te  with  Sb2Te  and/or 

Bi2Se .  ?  <100  Qs*, 

•  P  type  A^B  peritectic  SbgTe^  with  Bi2Te  and/or 

SbjSe .  ?  <  100  Qs*, 

•  N  type  A^B  peritectic  Bi^Je . ?<  100  Qs*, 


•  Between  A2B3  and  B  at  high  pressure,  perhaps  an  AB2 
semiconductor,  exists  with  useful  characteristics 

.  ?  <100  Qs*, 

*when  quench  cast  and  annealed. 

In  1962  ,  Stanley  Cook  and  John  Horwath  studied  the 
quaternary  phase  diagram  in  considerable  detail  using  quench  cast 
and  annealed  alloy  samples.  Metallurgical  examinations 
provided  information  on  the  approach  to  phase  equilibrium.  A 
useful  conceptual  perspective  emerged  on  the  solidification  of  the 
four  component  alloys  during  various  processing  procedures. 
Later  work  showed  that  the  quench  cast  —  anneal  technique  did 
not  necessarily  improve  the  alloy  Qs,  or  alter  Ihe  overall  alloy 
homogeneity.  The  quench  cast  alloy  needed  to  be  pulverized  and 
foe  powder  vsqpor  phase  composition  equilibrated,  then  reground 
and  annealed. 

The  general  quaternary  phase  diagram  needs  to  be  explored 
for  P  type  materials  which  complement  foe  1,500  Qs  of  foe  N 
type  Bi-Sb  alloys  used  in  low  temperature  cooling  applications. 

The  Lead  Telluride  Alloys 


Many  studies  have  explored  foe  thermoelectric  properties  of 
lead  telluride  alloys  with  and  without  alloying  by  homo-  and 
hetero-polar  element  additions  and  with  variations  in  dopant 
additions.  The  results  of  an  extensive  literature  survey  (7)  are 
conveniently  summarized  by  tabulating  foe  Qs  values  as  a 
function  offoe  sample  electrical  conductivity  as  shown  for  P  and 
N  type  in  Fig.  10. 

Lower  electrical  conductivity  P  type  includes  samples  at 
330  to  400  Qs  which  are  to  be  compared  to  commercial  samples 
in  foe  200  cm2/volt  sec  Qs  range.  This  high  Qs  suggests  that 
useful  P  type  alloys  may  be  accessible  for  use  in  cooling 
applications  since  fire  lead  telhirides  are  octahedral  coordination, 
low  thermal  conductivity  materials. 

By  contrast,  foe  N  type  alloys  are  all  below  foe  300  Qs 
range  fiom  100  to  6,000  mho/cm.  Since  foe  outliers  are  superior 
to  foe  commercial  class  alloys  as  noted  in  foe  bismuth  tellunde 
class,  further  improvements  are  possible. 

Hie  variations  in  the  properties  offoe  lead  telluride  samples 
draw  attention  to  foe  need  to  delineate  foe  variables  controlling 
foe  alloy  quality  and  then  to  practice  foe  best  composition  control 
and  preparative  technology  so  practical  applications  become 
possible.  The  ait  needs  to  be  replaced  by  science. 

The  recently  reported  3.6xlO'3/K.  figure  of  merit  for  P  type 
lead  telluride  (8)  prepared  using  a  particular  art  illustrates  foe  need 
for  more  detailed  studies.  Segmenting  options  exist  to  improve 
foe  Z  as  a  function  of  temperature  performance. 

The  Sl/Ge  Alloys. 

The  Si/Ge  system  including  foe  dopant  is  foe  simplest 
thermoelectric  alloy  (9)(10)  .  The  alloys  are  characterized  by  a 
constant  Qs  as  foe  eloping  level  is  changed  at  constant 
temperature.  With  increasing  temperature,  the  Qs  of  both  N  and 
P  type  increases  as  shown  in  Fig.  11  thus  providing  access  to 
400  to  500  Qs  at  high  hot  side  temperatures.  As  shown,  alloying 
with  GaP  may  improve  foe  Qs  values  beyond  that  of  the  common 
alloys.  The  GaP  acts  as  a  Si/Ge  mineralizer  in  the  processing. 

The  III/V  alloys  as  well  as  TAGS  material  show  foe  Si/Ge 
temperature  dependence  of  Qs  so  at  higher  temperatures 
appropriately  doped  alloys  possess  an  improved  power 
coefficient.  This  contrasts  to  foe  other  extrinsic  alloy  classes  for 
which  the  Qs  is  temperature  independent  but  may  vary  with 
dopant  element,  alloying  agent,  composition,  and  preparative 
process. 

Periodic  Table  Screening  for  New  Alloys 

Ioffee  by  1955  (11)  had  revealed  to  foe  world  foe  new 
opportunities  for  thermal  energy  conversion  through  foe  use  of 
heavily  doped  semiconductors.  The  large  market  potential  and 
the  lack  of  defined  limits  to  progress  resulted  in  a  worldwide 
program  seeking  high  performance  options  in  cooling  and  power. 
Few  guiding  paradigms  for  material  preparation  existed  to  use  in 
directing  foe  work.  The  simple  Ioffee  device  theory  led  to 
requiring  a  large  power  coefficient  and  figure  of  merit  hi  alloys 
proces sable  into  modules  without  developing  electrical  or  thermal 
contact  resistance  and  having  foe  expected  solid  state  reliability 
and  foe  needed  high  performance. 

Data  appeared  fiom  1955  to  1975  in  a  large  variety  of 
publications  worldwide  exploring  many  compounds  and  alloys 
seeking  the  magic  potion  Hundreds  of  laboratories  were  engaged 
in  the  search,  each  using  a  particular  approach  with  special 
combinations  of  elements  fiom  the  periodic  table.  At  Borg- 
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Warner  Research  Horwatti  and  Tuomi  continually  surveyed  this 
literature  to  evaluate  the  thermoelectric  results  through  the 
Qs/Qk/M  route.  From  die  770  alloy  compilation  (12) ,  excluding 
the  familiar  useful  alloys,  emerged  383  P  and  278  N  type  better 
samples  with  the  Qs  values  distributed  as  shown  in  Fig.  12  . 
Most  are  below  100  Qs  with  few  above  200. 

The  English  language  literature  included  Office  of  Naval 
Research  reports  and  related  others  from  private  laboratories. 
Extreme  pressure  was  exerted  in  the  laboratories  to  produce  the 
desired  spectacular  results  based  upon  a  particular  limited 
sampling  of  element  combinations  from  the  periodic  table  using 
proprietary  laboratory  procedures.  The  difficulties  encountered  in 
producing  high  quality,  compound  semiconductor  alloys  did  not 
become  well  known  until  commercial  electronic  devices  began  to 
be  produced  from  HI/V  materials  in  the  middle  70’s  and  later. 

The  N  or  P  type  optimized  thermoelectric  alloys  require 
using,  as  base,  a  compound  semiconductor  in  which  an  alloying 
agent  minimizes  the  lattice  thermal  conductivity  and  controlled 
dopant  addition  optimizes  the  electrical  conductivity  for  the 
operational  temperature  range.  This  four  component  alloy  system 
forms  from  a  quaternary  phase  diagram  in  which  a  small 
composition  region  contains  the  desired  superior  material.  An 
intuitive  view  of  the  actual  phase  diagram  compositional  tie  lines 
interaction  with  the  metallurgical  processes  is  not  easily 
formulated.  Many  routes  exist  to  inferior  quality  alloys  but  few 
exist  to  the  desired  superior  compositioa 

Some  of  the  guiding  paradigms  for  the  exploratory  research 
included  the  following: 

1.  The  first  part  of  an  alloy  to  freeze  represented  a  unique 
phase  diagram  tie  line.  Only  true  if  super-cooling  is 
absent  and  the  growth  rate  is  sufficiently  slow  and  the 
initial  nucleation  readily  occurs. 

2.  Single  phase  samples  are  desired  before  serious 
thermoelectric  measurements  are  undertaken.  Only  true 
under  very  limited  circumstances . 

3.  The  power  coefficient  data  on  a  few  samples  are 
adequate  to  predict  the  promise  of  a  composition. 
Response  surface  data  involving  both  chemical 
composition  and  process  technology  are  important 

4.  The  thermal  conductivity  could  be  estimated  for  the 
alloy  rather  than  undertaking  the  difficult  measurement 
except  on  very  select  samples.  The  alloy  thermal 
conductivity  may  involve  as  many  complicating 
variables  as  the  power  factor. 

5.  Three  different  samples  from  the  same  specimen  may 
be  used  to  determine  the  thermoelectric  parameters. 
All  data  need  to  be  obtained  on  the  same  sample. 

6.  Quench  casting  is  an  adequate  technique  for  rapidly 
preparing  alloy  for  screening  studies.  This  procedure 
rather  consistently  results  in  low  Qs  alloys  but  may 
provide  tow  thermal  conductivity  because  of  the 
inherently  large  lattice  imperfection  density. 

7.  Simplified  pseudo-  phase  diagrams  are  adequate  for 
screening  studies.  Imperfections  associated  with 
narrow  non-stoichiometry  solid  solution  fields  may 
readily  degrade  the  electron  mobility-effective  mass 
product  into  the  poor  class. 

8.  Only  semiconductor  compounds  in  the  tower  right 
hand  of  the  periodic  table  have  the  desired  tow  lattice 
thermal  conductivity.  The  lattice  thermal  conductivity 


depends  more  strongly  upon  the  coordination 
chemistry  of  the  compound  than  upon,  the  simple  mass 
heterogeneity  and  bond  force  constant  rektionships. 

9.  Long  term  annealing  of  alloy  samples  will  bring  the 
material  to  a  desirable  equilibrium  compositional  state 
with  properties  approaching  optimum  states.  Samples 
frequently  contain  associated  defect  structures  which 
are  not  dissociated  and  dispersed  during  annealing  and 
degrade  the  thermoelectric  properties. 

10.  Chemical  purity  is  not  an  important  variable  because  of 
the  inherent  dirtiness  of  alloys  with  multiple 
components.  Impurities  in  the  alloy  components  may 
fimction  to  degrade  Qs  as  well  as  to  place  the  alloy  into 
minimally  optimal  electrical  conductivity  range. 

11.  The  optimization  process  may  be  performed  by 
selective  adjustment  of  the  basic  thermoelectric 
parameters.  The  parameters  are  explicitly  related  to 
fundamental  space  averaged  material  structural  - 
chemical  variables  and  optimization  involves 
determining  the  response  surfaces  of  the  variables. 

It  is  unfortunate  that  few  laboratories  engaged  in  writing  critical 
reviews  of  the  experiences  during  foe  hectic  exploratory  research 
period  from  1955  to  1965.  Such  writing  would  have  brought 
attention  to  the  extensive  work  remaining  to  be  done  to  bring  the 
thermoelectric  energy  conversion  heavily  doped  semiconductors 
from  art  to  material  science. 

The  data  on  TiS2  in  Fig.  13  illustrate  how  the  Qs  analysis 
suggested  that  this  material  may  have  promise  in  thermoelectric 
applications  (13)  .  Such  data  illustrate  the  need  for  further 
experimental  studies  on  the  compound. 

Thermal  Conductivity  Quality  Factors 

Attention  has  focused  on  the  Seebeck  quality  factors  of 
compounds  because  only  limited  thermal  conductivity  data  were 
obtained  on  the  exploratory  materials;  the  power  coefficient  was 
the  initial  measure  of  alloy  utility.  Thermal  conductivity  data 
were  only  obtained  on  the  best  samples.  This  strategy  changed 
when  the  Harman  Z  meter  became  available  (1 4) . 

The  thermal  conductivity  screening  studies  of  heavily  doped 
semiconductors  at  American  Cyanamid  by  Spitzer  (15)  led  to 
clarifying  the  structural  chemical  conditions  for  low  thermal 
conductivities.  The  local  site  symmetry  of  the  lattice  components 
proved  to  be  important  The  critical  variable  is  having  foe  local 
site  symmetry  in  flie  octahedral  class  as  in  lead  telhiride  or  a  more 
complex  octahedral  class  as  in  bismuth  telluride  with  the 
asymmetric  TexTex  Bi,  Te1  BiTe11  and  symmetric  Bile11  Bi  sites  or 
as  in  the  bismuth-antimony  alloys.  The  structure  should  provide 
access  to  a  large  Qs.  Alloying  may  further  reduce  the  lattice 
thermal  conductivities  into  the  amorphous  quartz  class  or  less. 

The  studies  brought  attention  to  foe  need  to  qualify  the 
simple  mass  and  bond  disorder  models  for  low  thermal 
conductivity  alloys.  Unfortunatefy  the  samples  were  largely 
quench  cast  materials  so  that  the  Seebeck  quality  factors  were 
small.  A  new  study  is  needed  in  which  more  optimum  alloy 
preparative  procedures  are  used  so  that  insights  could  be  obtained 
into  the  promise  present  in  the  low  Qk  alloys  explored. 

TheQk  survey  studies  on  the  common  alloys  demonstrated 
its  quantitative  applicability  to  a  broad  range  of  degenerate, 
heavily  doped,  semiconducting  materials.  The  combination  of 
Qs,  Qk,  and  M  adequately  fit  the  results  at  ambient  temperatures. 
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Compositional  and  processing  variables  could  be  related  in 
response  surface  forms  to  the  thermoelectric  materials  parameters 
Qs,  Qk  and  M.  The  applicability  of  the  ambient  temperature  data 
to  temperature  dependent  results  on  individual  samples  gave  yet 
another  useful  perspective  on  ways  materials  could  be  optimized. 

Conclusions 

The  Qs,  Qk,  and  M  characterization  of  heavily  doped 
semiconductors  has  brought  attention  to  the  large  number  of 
compositional  and  processing  variable  interactions  which  are 
important  to  the  optimization  of  the  thermoelectric  performance. 
They  provide  a  route  through  which  much  data  on  a  variety  of 
semiconductors  may  be  organized  into  a  coherent  whole.  The 
electronic  mobility  -  effective  electron  mass  product,  p0(rn*/nv 
)3/25  is  a  system  variable  rather  than  being  a  fundamental 
parameter  in  solid  state  theory.  It  was  this  reason  that  the  quality 
factor  notation  was  introduced.  The  broad  applicability  range  to 
varied  alloys  is  unexpected  and  implies  the  presence  of  a  rather 
fundamental  semiconductor  electronic  property  description  based 
upon  acoustic  mode  -  alloy  scattering  of  electrons.  The  Qs  does 
not  depend  upon  carrier  density  in  the  sense  that  the  electron 
mobility  does,  it  is  a  constant  over  a  broad  range  of  changing 
carrier  density. 

Only  on  select  samples  of  the  best  quality  is  the  Qs  realty  the 
familiar  fundamental  parameter  of  solid  state  theory..  This  is 
really  true  only  in  the  alloy  produced  with  an  ‘ideally  perfect 
lattice*  as  defined  by  x-ray  crystallographers,  most  materials  are 
better  classed  as  ‘ideally  imperfect’  crystalline  alloys.  In  the 
better  quality  powder  metallurgical  bismuth  antimony  tellurides 
the  Qs  becomes  related  to  the  x-ray  powder  diffraction  line  half 
breadth  at  half  height  variations,  the  higher  Qs  having  narrower 
half  breadths,  as  noted  by  Dr.  Peter  Yu  at  the  Borg- Warner 
Research  Center.  The  difficulty  in  attaining  the  best  quality  class 
alloys  is  undoubtedly  associated  with  the  challenge  of  attaining 
ideal  crystal  lattice  perfection. 
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Fig,  i  The  three  dimensional  Seebeck  Coefficient,  electrical 
conductivity,  and  thermal  conductivity  variables  used  to 
derive  the  figure  of  merit  response  surface  for  a  sample  doped 
to  change  the  Fermilevri  along  constant  Qs  and  Qk  curves. 


Fla  2  The  Qs  and  Qk  curves  used  fen  characterizing 
experimental  samples  of  bismuth  tefiuride  class  alloys. 


Fig.  3.  The  semUogarithmlc  ^  Qs  curves  for  extrinsic 
semiconductor  alloys  dominated  by  acoustic  mode  -  alloy 
electron  scattering.  Reference  curves  for  the  scattering 
parameter:  -J/2,  -1/2  (acoustic  mode  alloy),  +1/2  (low 

temperature,  <TD),  and  +3/2  (Ionized  Impurity). 
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Fig.  5  The  relationship  of  the  figure  of  merit  to  the  quality 
factor  ratio,  M  =  QsQk,  Illustrating  the  limitations  imposed 
upon  figure  of  merit  through  changes  in  the  Qs  and  Qk.  The 
relative  status  of  bismuth  tefiuride  ciass  alloys  shown.  Device 
Omit  indudes  distributed  Pettier  effect 


Fig.  6  .  The  P  and  N  type  Qs  changes  with  processing  and 
composition  for  bismuth  tefiuride  and  antimony  teiluride 
alloys,  (Bi  ^Sb^Te,  hi  samples  described  In  the  literature. 
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Fig.  7.  The  N  type  Q*  changes  with  processing  and 
composition  for  bismuth  tcOuride  and  bismuth  tefluroaefenide 
alloys,  BijTe^  to  BIjTe^Se  In  samples  described  In  the 
fiterature. 


Fig.  8  The  Qs  of  P  type  samples  in  the  nominally  N  type 
composition  region. 


Fig.  10.  The  Qs  versus  electrical  conductivity  for  P  and  N 
^Ttead  teflurlde  ampte  from  the  Werature  as  umBoyed 
(•)  and  alloyed  (x). 


Fig.  11  The  Qs  versus  temperature  for  PandTN  type  Sl/Ge 
standard  sintered  alloys  and  outlier  extrinsic  GaP  doped 
material. 
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Fig,  9.  The  Bt-Sb—  Te-Se,  A-B,  composition  tetrahedron. 


Fte.  12.  The  number  dlstrfiHftion  of  Qs  values  for  best 
samples  In  series  of  383  P  type  and  278  N  type  exploratory 
thermoelectric  alloys  excluding  the  recognized  commercially 
useful  types. 
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Sccbcck  Coefficient 


Fig.  13  TheQs  data  for  titanium  dJsuffi<fe,Tit*Si,  obtained  In 
screening  the  literature  for  new  thermoelectric  alloy  options. 
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Abstract 

The  increase  of  the  superconducting  transition  temperature 
in  some  of  the  cuprate  superconductors  to  values  higher  than 
130  K  is  generating  strong  interest  in  the  exploration  of  Peltier 
cooling  for  the  operation  of  superconducting  electronics.  In 
this  case,  we  need  materials  with  a  sufficiently  large  figure  of 
merit  z  down  to  temperatures  near  100  K.  We  have  performed 
measurements  of  the  Seebeck  coefficient,  the  thermal 
conductivity  and  the  electric  resistivity  in  the  temperature 
range  80  -  300  K  of  Bi2Te3-based  materials  with  admixtures 
of  Sb  and  Se,  and  studied  the  influence  of  pulverization  and 
sintering.  The  resulting  z-values  are  reported.  The  influence  of 
sintering  on  the  microstructure  of  the  samples  has  been  studied 
by  SEM. 

Introduction 

The  increase  of  the  superconducting  transition  temperature 
in  some  of  the  cuprate  superconductors  to  values  above  130  K 
is  generating  strong  interest  in  the  exploration  of  Peltier 
cooling  for  the  operation  of  superconducting  electronics.  In 
this  case  cooling  of  a  highly  miniaturized  superconducting 
electronic  circuit  may  be  already  sufficient  ("on-chip  Peltier 
cooling").  We  need  Peltier  materials  with  a  sufficiently  large 

S2 

figure  of  merit  z  =  -  down  to  temperatures  around  100 

K-p 

K.  Here,  S,  k,  and  p  are  the  Seebeck  coefficient,  the  heat 
conductivity,  and  the  electric  resistivity,  respectively. 
Assuming  the  value  z  =  3  •  10“3  K"^  over  the  whole 
temperature  range  and  the  ambient  temperature  T0  =  283  K  as 
an  example,  for  a  four-stage  Peltier  cascade  we  find  T j  =  228 
K,  T2  =  189  K,  T3  =  161  K,  and  T4  =  134  K,  where  Tj  is 
the  temperature  on  the  cold  side  of  stage  i.  In  this  calculation 
we  have  assumed  that  the  electric  power  dissipation  in  each 
stage  has  been  reduced  by  a  factor  of  ten  compared  to  the 
previous  stage.  Hence,  for  the  first  three  stages  only  80  %  of 
the  maximum  temperature  drop 

(Ti-Ti+l)max  =  ^  [fa?. i  +  ~  !]  has  been  used  in 

calculating  the  values  of  Tj  given  above. 

For  the  semiconductors  favorable  for  Peltier  cooling  because 
of  their  relatively  small  concentration  of  charge  carriers  (in 
contrast  to  metals),  the  heat  conductivity  is  dominated  by 


phonons.  Hence,  it  appears  favorable  to  increase  the  phonon 
scattering  in  order  to  obtain  a  small  value  of  K  and  a  large 
value  of  z.  Motivated  by  this  idea,  pulverizing  and  sintering 
the  Peltier  materials  has  been  discussed  already  many  years 
ago  [1].  More  recently  values  of  z  as  high  as  (8  -  10)  *  10"^ 

K'l  in  the  temperature  range  100  -  300  K  have  been  reported 
[2].  Because  of  these  results  we  have  investigated  the  relevant 
transport  properties  S,  K,  and  p  in  the  temperature  range  80  - 
300  K  and  studied  the  influence  of  pulverization  and  sintering. 
So  far  we  have  concentrated  on  Bi2Te3~based  materials  with 
admixtures  of  Sb  and  Se.  In  this  paper  we  report  the  first 
results  of  our  studies. 

Experimental  Procedures 

Our  n-  or  p-doped  Peltier  materials  were  prepared  from  the 
elements  (purity  99.99  %  or  higher)  by  melting  in  a  quartz 
tube  at  a  temperature  around  800°  C.  The  polycrystalline 
alloys  were  the  starting  materials  for  the  subsequent  powder- 
metallurgical  treatment.  The  polycrystals  were  mechanically 
ground  in  air  to  small  pieces  and  then  pulverized  in  a  planetary 
mill  using  a  small  admixture  of  petrol-ether.  The  powder  was 
placed  in  oscillating  sieves  allowing  the  separation  into  four 
fractions  with  the  following  grain  sizes:  smaller  than  20  pm, 
20  -  32  pm,  32  -  40  pm,  larger  than  40  pm.  Up  to  now  most 
experiments  have  been  carried  out  using  only  a  single  fraction 
0  -  40  pm.  The  powder  was  compressed  within  a  steel  cylinder 
using  a  force  in  the  range  20-  100  kN.  In  this  way  the  powder 
was  turned  into  tablets  of  8  mm  or  13  mm  diameter  and  2.0  - 
3.5  mm  thickness.  The  sintering  of  the  tablets  was  performed 
under  Argon  atmosphere  (containing  8  %  H2)  at  400°  C  for 
generally  a  period  of  2  -  24  h. 

After  sintering,  the  round  tablets  were  used  directly  to 
measure  the  Seebeck  coefficient  and  the  heat  conductivity. 
The  applied  temperature  gradient  was  oriented  in  axial 
direction.  In  order  to  cover  the  temperature  range  80  -  300  K, 
the  samples  were  mounted  on  a  sample  holder  surrounded  by  a 
metal  can  which  could  be  evacuated.  During  the  measurements 
this  metal  can  was  inserted  into  a  liquid  nitrogen  bath.  For 
establishing  the  temperature  gradient  a  standard  configuration 
of  heater  and  thermocouples  (30  pm  wire  diameter)  was  used. 
For  the  electric  resistivity  measurements  we  have  used  a 
standard  four-probe  method  by  placing  four  spring-loaded 
gold  contact  pins  on  the  tablet  surface. 
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In  addition  to  the  electrical  and  thermal  measurements  we 
have  performed  x-ray  analyses  of  the  samples  and  studied  their 
microstructure  using  scanning  electron  microscopy.  Using  a 
spatially  resolved  eddy  current  damping  method  for  detecting 
the  local  resistivity  values,  the  tablets  were  found  to  be 
homogeneous. 

Experimental  Results  and  Discussion 

In  Fig.  1  we  show  the  quantities  k,  p,  S,  and  the  figure  of 
merit  z  for  p-doped  Big ,52^1 AS^C3  plotted  versus 
temperature.  The  triangles  refer  to  the  0.25  wt.-%  Se 
admixture,  whereas  the  circles  were  obtained  for  the  0.5  wt.-% 
Se  admixture.  The  open  triangles  and  circles  refer  to  the 
samples  without  sintering  whereas  the  solid  triangles  and 
circles  indicate  the  samples  sintered  for  5  h  at  400°  C.  The 
compression  force  was  20  kN  and  the  tablet  diameter  8  mm. 
The  samples  of  Fig.  1  were  fabricated  using  the  single  0-40 
pm  fraction  of  the  powder. 

We  have  also  studied  the  n-doped  material  Bi2Te2  4Seg  5. 
In  some  cases,  a  curve  of  the  figure  of  merit  versus 
temperature  similar  to  that  shown  by  the  solid  circles  in  Fig.  1 
has  been  obtained.  It  appears  that  the  alloying  of  Sb  to  this 
material  is  difficult.  However,  our  studies  of  this  material  are 
not  yet  completed. 

Up  to  now  we  have  performed  only  few  experiments 
regarding  the  influence  of  the  grain  size  of  the  powder. 
However,  the  sieved  fraction  where  the  grains  with  diameter 
less  than  20  pm  have  been  eliminated,  appears  favorable, 
resulting  in  an  appreciable  enhancement  of  the  figure  of  merit, 
compared  to  the  unsieved  material. 

We  have  investigated  the  influence  of  sintering  on  the 
microstructure  of  the  samples  by  scanning  electron 
microscopy.  Figure  2  shows  the  surface  topography  of  a  p- 
doped  Big^Sbi  4gTe3  tablet  (13  mm  diameter,  80  kN  force) 
before  and  after  sintering  (0.5  h,  400°  C),  respectively.  The 
sintering  is  seen  to  result  in  the  formation  of  small  crystals.  As 
indicated  by  EDX  analysis,  these  crystals  consist  of  Sb.  For 
this  SEM  analysis  the  tablet  has  been  fractured  and  the  images 
shown  in  Fig.  2  were  taken  for  the  same  location  on  the 
fractured  surface.  The  Sb  microcrystals  seen  in  Fig.  2b 
apparently  had  been  fully  developed  after  the  0.5  h  sintering 
period,  and  practically  remained  unchanged  during  additional 
sintering  periods.  During  the  sintering  process  the  evaporation 
of  Te  has  clearly  been  indicated  by  subsequent  x-ray 
diffraction.  It  seems  likely  that  the  evaporation  of  Te  during 
the  sintering  is  responsible  for  the  appearance  of  the  Sb 
microcrystals. 


Fig.  1:  Heat  conductivity  k,  electric  resistivity  p,  Seebeck 
coefficient  S,  and  figure  of  merit  z  of  p-doped 
Bio.52^^1.48^e3  ^-25  wL-%  (triangles)  and  0.5  wt.-% 

(circles)  Se  admixture.  Open  symbols:  without  sintering;  solid 
symbols:  after  sintering  for  5  h  at  400°  C. 
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Fig.  2:  SEM  images  of  p-doped  BiQ^Sbi  4gTe3  before  (a) 
and  after  (b)  sintering.  Further  details  are  given  in  the  text. 

Typical  SEM  images  of  the  n-doped  material  Bi2Te2  4SeQ  5 
(13  mm  diameter  tablet,  80  kN  force)  before  and  after 
sintering  (1  h,  400°  C)  are  presented  in  Fig.  3.  Here  we  do  not 
see  the  generation  of  any  microcrystals  during  the  sintering 
process,  similar  to  the  Sb  microcrystals  of  Fig.  2b.  Again,  the 
SEM  images  were  taken  for  the  same  location  on  the  fractured 
surface.  Generally,  for  this  material  during  sintering  we  have 
observed  a  distinct  intergranular  growth  leading  to  a  larger 
microcrystalline  structure. 


Fig.  3:  SEM  images  of  n-doped  Bi2Te2 ^Seg  5  before  (a)  and 
after  (b)  sintering.  Further  details  are  given  in  the  text. 

As  the  main  result  of  our  measurements  displayed  in  Fig.  1 
we  note  that  the  values  of  the  figure  of  merit  of  the  sintered  p- 
doped  material  with  0.5  wt.-%  Se  admixture  are  appreciably 
higher  than  the  values  without  the  Se  admixture  [3,  4].  Further, 
in  the  lower  temperature  regime  below  about  200  K  the  z- 
values  of  the  sintered  samples  are  generally  larger  than  those 
of  the  corresponding  polycrystals.  An  additional  increase  in 
the  values  of  z  can  be  expected  by  optimization  of  the  range  of 
grain  sizes  used  for  the  tablet  fabrication.  As  we  see  from  Fig. 
1,  the  Seebeck  coefficient  shows  an  interesting  increase  due  to 
sintering.  Whereas  the  electric  resistivity  of  the  samples 
without  sintering  attains  relatively  high  values,  p  is  reduced  by 
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a  factor  up  to  more  than  10  because  of  sintering.  This  can  be 
understood  in  terms  of  an  improvement  of  the  intergranular 
contacts.  The  corresponding  increase  in  thermal  conductivity 
due  to  sintering  remains  relatively  small. 
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Abstract 

Improvement  of  a  superconducting  magnet  makes  induction  of 
a  strong  magnetic  field  easier.  This  fact  gives  us  a  possibility  of 
energy  conversion  by  the  Nemst  effect.  As  the  first  step  to  study 
the  Nemst  element,  we  measured  the  conductivity,  the  Hall  co¬ 
efficient,  the  thermoelectric  power  and  the  Nernst  coefficient 
of  the  InSb,  which  is  one  of  candidates  of  the  Nemst  elements. 
From  this  experiment,  it  is  concluded  that  the  Nernst  coeffi¬ 
cient  is  smaller  than  the  theoretical  values.  On  the  other  hand, 
the  conductivity,  the  Hall  coefficient  ant  the  thermoelectric 
power  has  the  values  expected  by  the  theory. 

Introduction 

One  of  the  authors,  S.  Y.,  proposed[l,2]  the  direct  electric  en¬ 
ergy  conversion  of  the  heat  from  plasma  by  the  Nemst  effect  in 
a  fusion  reactor,  where  a  strong  magnetic  field  is  used  to  con¬ 
fine  a  high  temperature  fusion  plasma.  He  calledf  1 ,2]  the  ele¬ 
ment  which  induces  the  electric  field  in  the  presence  of  tem¬ 
perature  gradient  and  magnetic  field,  as  Nernst  element.  In  his 
paper[l,2],  he  also  estimated  the  figure  of  merit  of  the  Nernst 
element  in  a  semiconductor  model.  In  his  result[l,2],  the  Nemst 
element  has  high  performance  in  low  temperature  region,  that 
is,  300  -  500  K. 

Before  his  works,  the  Nernst  element  was  studied  in  the 
1960’s[3].  In  those  days,  induction  of  the  magnetic  field  had  a 
lot  of  loss  of  energy.  This  is  the  reason  why  the  Nernst  element 
cannot  be  used.  Nowadays  an  improvement  on  superconduct¬ 
ing  magnet  gives  us  higher  efficiency  of  the  induction  of  the 
strong  magnetic  field.  We  started  a  measuring  system  of  trans¬ 
port  coefficients  in  the  strong  magnetic  field  to  estimate  effi¬ 
ciency  of  the  Nernst  element  on  a  few  years  ago[4]. 

As  the  first  candidate  of  the  Nernst  element,  we  choose  InSb, 
which  is  expected  to  have  the  high  figure  of  merit  according  to 
the  single- band  model[5].  The  experimental  results  show  that 
the  Nemst  coefficient  is  smaller  than  the  theoretical  values.  On 
the  other  hand,  the  conductivity,  the  Hall  coefficient  and  the 
thermoelectric  power  has  the  values  expected  by  the  theory. 

In  this  paper,  we  introduce  the  experimental  results  and  com¬ 


pare  the  theoretical  calculations. 


Experiment 

Choice  of  material 

We  discuss  the  principle  of  transport  phenomena  in  a  magnetic 
field  and  a  temperature  gradient.  This  behavior  is  written  by 
two  phenomenological  equations[6]  as  follows: 

E  =^  +  aVT  +RhBxJ  +NBxVT,  (1) 

q  =ccTJ-kVT  +NTBXJ  +LBxWT  (2) 

where  E  is  electrical  field,  J  current  density,  B  magnetic  field, 
T  temperature,  cr  electrical  conductivity,  a  thermoelectric 
power,  Rh  Hall  coefficient,  N  Nernst  coefficient,  K  thermal 
conductivity  and  L  Righi-Leduc  coefficient. 

To  simplify  the  discussion  of  the  efficiency,  we  replace  all  trans¬ 
port  coefficients  by  averaged  quantities,  which  do  not  depend 
on  position  within  a  device.  In  order  to  estimate  efficiency  of 
the  Nemst  element,  it  is  useful  to  define  the  figure  of  merit  ZN 
as  follows[3]: 


ZN= - r— 


(3) 


Using  eq.(l),  the  optimal  efficiency  of  thermomagnetic  gen¬ 
erators  eN  is  given  by[3] 


f 


£N  =  £C 


1  -8 


N 


1  + 


low 


N 


\  1 high 


(4) 


where  T  (ThJ  is  the  temperatures  of  the  heating  (cooling) 
block,  £c  the  carnot  efficiency,  (T h.gli  -  Tbw)/  T hjgh ,  and 

c*  r,  ^  I T  low  +  ^high  ] 

^N=  y  ~zNy - ?—*-]  *  (5) 

The  value  of  <5*„  must  be  a  real  number.  This  fact  impose  the 

N 

following  restriction  as[3]: 

(6) 
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We  plot  the  normalized  efficiency,  /  £c  in  Fig.  1  as  a  function 
of  the  figure  of  merit.  This  figure  shows  that  eN  increases  mo¬ 
notonously  as  ZN  becomes  larger.  We,  therefore,  must  choose 
the  high-ZN  materials.  We  consider  the  transport  coefficients  to 
choose  them.  It  is  known  from  the  Boltzmann  equation  that  both 
conductivity  and  Nernst  coefficient  are  proportional  to  Hall 
mobility[7,8].  This  fact  derives  the  form[l,4]: 

zNoc  (7) 

The  equation  (7)  is  a  criterion  for  searching  the  Nernst  element. 
Under  this  criterion,  we  first  propose  indium  antimonide,  InSb 
as  a  candidate  of  the  Nernst  element.  To  compare  the  mobility 
of  InSb  with  the  other  materials,  we  summarize  the  values  of 
the  mobilities  in  Table  1. 


Measurement  of  transport  coefficients  and  results 
1)  Conductivity  and  Hall  coefficient 

The  carrier  concentration  of  the  InSb  crystals  investigated  is 
6.6x1 020  [  nv3]  and  its  mobility  21  [  mW/s  ]  at  77K.  This  sample 
exhibited  intrinsic  behavior  near  room  temperature.  Copper 
wires  with  50pm-diameter  are  spark-bonded  onto  a  crystal  by 
using  a  capacitor  discharge.  Chromel-Alumel  thermocouples, 
0.5  mm  in  diameter,  are  contact  to  heating  and  cooling  units 
with  silver  epoxy.  The  temperature  of  the  sample  is  controlled 
within  270-370K  by  the  heat  bath,  the  water  temperature  of 
which  is  kept  a  constant.  We  induced  a  strong  magnetic  field  up 
to  4  Tesla  by  the  superconducting  coil  to  measure  magnetore¬ 
sistance  of  the  sample.  Analog  signals  of  the  thermocouples  and 
voltage  source  are  amplified  and  converted  to  digital  data.  The 
personal  computer  acquires  these  data  and  draws  figures  in  real 
time. 

We  use  the  van  der  Pauw  method[9]  to  measure  the  conductiv¬ 
ity  and  Hall  coefficients.  A  geometry  for  the  van  der  Pauw 
method  is  shown  in  Fig.  2.  Figure  3(a)  shows  the  temperature 
dependence  of  the  resistivity  at 

B=0  Tesla.  The  temperature  de-  1,0  j  \  T  ■ 

pendence  of  the  Hall  coefficient  «  0  8  . \ . | . f . 

is  represented  in  Fig.  3(b).  j?  06  ^ . j . \ . j . / 


Nernst  Element 
• . !--■ 


InSb 

7.7  [mJ/V/s] 

HgSe 

2.0 

HgTe 

2.5 

InAs 

3.3  . 

—  o.o  r  . i _ i _ i _ j 

11  'T  9  «  0  0000  0  0004  0  0008  00013  0  0017 

£  e  *  Figure  of  Merit,  ZN  [1/K] 

InAs _ 3,3 _  Fig.  1:  The  maximum  efficiency 

Table  1:  Mobilities  of  electron  of  the  Nernst  element  as  a  func- 
near  room  temperature.  tion  of  ZN. 


2)  Thermoelectric  power  and  Nernst  coefficient 
The  sample  of  measurement  of  the  thermoelectric  power  and 
the  Nernst  element  is  the  same  material  as  the  van  der  Pauw 
method.  However,  the  shape  of  the  sample  is  changed  from  the 
square  to  the  “bridged  shape”  (Fig.  4).  In  order  to  make  tem¬ 
perature  gradient  in  the  sample,  we  used  thermofoil  heater  for  a 
heating  copper  block  side,  the  water  temperature  of  which  is 
controlled  by  a  low  temperature  incubator,  for  a  cooling  one. 
Using  the  heating  and  cooling  units,  the  temperature  difference 
across  the  sample  was  within  10-100K.  The  thermoelectric  volt¬ 
age,  Va  and  the  Nernst  one,  VN  have  the  following  relations  be¬ 
tween  the  thermoelectric  power  and  the  temperature  gradient  as 

Va-LaV  T~  aAT ,  (8) 

Vn  =  wNBVT=  wM-BAIL'  (9) 

where  AT  is  ( T  -  Thw),  w  the  width  of  the  sample  and  L  the 
length  defined  by  Fig.  4.  Here  we  define  the  following  physical 
quantity,  (i  to  compare  the  thermoelectric  power  and  the  Nernst 
effect: 

P=NB,  (10) 

which  has  the  same  dimension,  [V/K]  as  a.  The  results  of  the 
measurement  of  a  and  p  in  Figs.  (5)-(6).  The  thermoelectric 
power  doesn’t  change  very  much  as  the  magnetic  field  is  in¬ 
duced.  On  the  other  hand,  the  j3  depends  on  the  magnetic  field 
very  much. 

In  Fig.6(a),  we  plot  the  results  as  the  crosses  and  the  theoretical 
values  as  the  filled  circles.  The  theoretical  values  are  explained 
in  the  later.  The  difference  between  the  experimental  results  and 
the  theoretical  ones  is  the  order  of  10.  For  the  strong  magnetic 
field,  the  results  are  shown  in  Fig.6(b). 

Analysis  and  physical  quantities 

Carrier  concentration 

In  the  weak  field  limit,  the  Hall  coefficient  and  the  carrier  con- 


Fig.  2:  Sample  geometries  for  performing  (a)  resistivity  and 
(b)  Hall  measurements  by  the  van  der  Pauw  method.  Size  of 
sample  is  4mmx4mmxlmm. 
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centration  has  the  form [8] 


2 


R 


_  371 
H  “  8  lei 


p-nb ^ 
(/?  +  n  b^ 


3  7t 

8  Id  h  ’ 


where  we  define  /?  =  ^Un/  p  p  and  the  hole  parts  are  neglected 
because  100  for  InSbflO,  1 1].  Equation  (11)  and  Fig.  3  (b) 
gives  the  carrier  concentration  of  the  electron  in  Fig.  7.  We  can 
fit  the  following  function  of  the  temperature  by  the  least  square 
method  as 

n{T)  =  3.3  x  1020r15exp^-^22j .  (12) 

We  assume  that  the  sample  is  in  the  intrinsic  region  near  room 
temperature.  The  carrier  concentration  of  the  intrinsic  semicon¬ 
ductor  is  written  by[8] 


(13) 


where  EQ  is  the  energy  gap,  mn  the  effective  mass  of  the  elec¬ 
tron,  and  m  the  effective  mass  of  the  hole.  Comparing  eq.  (12) 

p 

with  eq.  (13),  we  obtain 

Eq  =  2600x§  =0.22[eV]  ,  (14) 


Mobility  of  electron 

In  the  weak  field  limit,  the  Boltzmann  equation  for  the  single 
parabolic  non-degenerated  band  model  gives  the  conductivity 
as 

follows[8]: 

<T  =  1  /p  =  \e\  njUn  (  1  +ji  )~  \e\  n  pn  ,  (16) 

where  we  use  b  »1  for  InSb.  Equations  (11)  and  (16)  give  the 
mobility  of  the  electron  in  Fig.  8.  The  temperature  dependence 
of  the  mobility  of  the  electron  is  obtained  as 

lm2/V/sl  ■  <l7> 

The  exponent  -1.5  denotes  that  the  dominant  scattering  process 
is  acoustic  phonon  scattering. 

Mobility  of  hole 

In  the  strong  magnetic  field  limit,  the  Nernst  coefficient  of  the 
intrinsic  semiconductor  becomes[10] 


T[K] 

Fig.  3  Resistivity  (a)  and  Hall  coefficient  (b) 
The  closed  circles  indicate  the  experimental 


of  InSb  sample  as  a  function  of  temperature.  moelectric  power  and  the  Nemst  effect.  This  shape 
results.  The  solid  curve  is  a  guide  of  eyes.  is  called  the  bridged  shape  . 


T  [K] 

Fig.  5  Thermoelectric  power  of  InSb  sample  as 
a  function  of  temperature.  The  crosses  repre¬ 
sent  experimental  results  at  B=0Tesla.  The  filled 
circles  indicate  the  experimental  results  at  B=4 
Tesla.  The  solid  curves  are  guides  of  eyes. 
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Fig. 6  Plot  of  Nernst  effects,  ft  =  Nx  B  in  the  case  of  B  =  0.1  Tesla  (a)  and  4  Tesla  (b).  The 
crosses  indicate  the  experimental  results.  The  filled  circles  in  Fig.  (a)  were  calculated  by  the 
single  band  model  with  the  mobilities  which  were  given  from  the  Hall  coefficients  and 
resistivities.  In  Fig.  (b),  the  solid  curve  is  given  by  the  least  square  method. 
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N=i»P  (4+^)-  (18) 

Substituting  the  values  of  the  Nernst  coefficient  given  by  the 
experiment  at  B  =4  Tesla  in  the  eq.  (18),  we  obtain  the  mobility 
of  the  hole  in  Fig.  9.  By  the  least  square  method,  we  also  have 
the  temperature  dependence  of  the  hole  mobility  as 


= 


1+£1 

1  +  «  b 


l  +  ccr 


PI 

n  b 

i  +£1 
1  +n  b) 


(20) 


//p (B  =  4Tesla)  =  0.065  x 


[m  2/V/s]  . 


(19) 


Fermi  level 

The  thermoelectric  power  gives  the  Fermi  level  as  follows[8]: 


a-  a 


°p 


+  a 


P  °n+  Gp 


£ 

c 


Temperature  [K] 

Fig.  7  Temperature  dependence  of  the  carrier  concentration  of  the  elec¬ 
tron.  Fitting  function  is  »(r>  =  3.3  x  io2(,r  L5exP  ■  Comparing  the  in¬ 


trinsic  concentration  „  .{T)  =  2  'P"n  mP k  T 

1  2nfi2 


we  have 


Eq  =2600x1  =0.22  [eV]  and  mn  nip  =  2.9  x  10  ^  me 


Temperature  [K] 

Fig.  8  Temperature  dependence  of  the  electron  mobility.  The  ex- 


where  C,n  is  the  Fermi  level  from  the  edge  of  the  conduction 

band  and  negative.  Equation  (20)  and  the  experimental  results 
of  the  thermoelectric  power  give  the  Fermi  level  in  Fig.  10. 

In  the  intrinsic  region,  the  Fermi  level  becomes[8] 

\ 


Analysis  in  Fig.  10  gives  the  temperature  dependence  of  the 
Fermi  level  as  follows 

C„  =  -0.117  +  3.2^  [eV]  .  (22) 

6.5  10  2 
6.0  10  2 

p  5.5  10  2 

H 

ll  5.0 10  2 
CQ 

4.5  10  ’2 
4.0  10  2 

280  290  300  310  320  330  340  350  360 

T[K] 

Fig.  9  Temperature  dependence  of  the  hole  mobility  from  the  Nernst 
coefficients.  The  experimental  results  are  fitted  by 

jUp (B  =  4Tesla)  =  0.065  x  1  7  [m 2/V/s]  . 


T  [K] 

Fig.  10  Temperature  dependence  of  the  fermi  level.  The  experimental 


results  are  fitted  by  Cn  =  -  0.1 17  +  3.2  [eV]  .  This  equation 


perimental  results  are  fitted  by  Pn  ~  7.5  x  |^q j  [m^/V /s]  . 


denotes  that  EG  ~  0.23  [eV]  and  jfj—  ~  73  . 

mn 
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From  eqs.  (21)  and  (22),  the  energy  gap  and  the  ratio  of  the 
effective  masses  of  the  electron  and  the  hole  is  given  as 

mn 

Ec  -  0.23  [eV]  73  .  (24) 

Discussion  and  conclusions 

We  summarize  basic  physical  quantities  obtained  by  the  experi¬ 
ment  in  Table  2,  where  the  reference  values  are  also  written. 
This  table  shows  that  the  experimental  results  are  almost  coinci¬ 
dent  with  the  previous  works.  It  is  concluded  that  the  Hall  coef¬ 
ficient,  the  conductivity  and  the  thermoelectric  power  of  InSb 
near  room  temperature  in  the  weak  field  are  given  by  the  Boltz¬ 
mann  equation  for  the  non-degenerate  parabolic  two-band  with 
the  acoustic  phonon  scattering.  However,  the  Nemst  coefficient 
is  very  smaller  than  the  theoretical  value  in  the  weak  field.  The 
behavior  of  the  Nernst  coefficient  in  the  strong  magnetic  field  is 
consistent  with  the  two-band  model.  We  try  to  explain  the  dif¬ 
ference  between  the  experimental  and  the  theoretical  values  of 
the  Nemst  coefficient  in  the  weak  field.  Moreover  we  will  mea¬ 
sure  the  thermal  conductivity  in  the  magnetic  field  to  estimate 
the  figure  of  merit. 
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physical  quantity 

experimental  result 

reference  value 

carrier  concentration 

j.3xio%'A*p(  “fpj 

6xl07«r7'2=xp(-°f^>) 

[nr3] 

eqs.  (12)  and  (15) 

ref.  [10.13] 

effective  mass 

mnmp  “  l-7xl0“^m| 

mn  =0.01359  me 

eq. (15) 

ref.[14j 

~  *  73 
mn 

m  p  =0.45  mc 

eq.(24) 

ref.  [15] 

mobility  *  [  m2/V/s] 

electron 

1  T  '-50 

7-s  *  te 

UUU'eq.(17) 

/  T  1.66 

7  7  (300) 

ref.[10,lt] 

hole 

0  065  *  ter 17 

0.085  (4)' 2 

at  B  =  4  Tesla 

at  B  =  0  Tesla 

eq.(19) 

ref.[  10,11] 

Fermi  level 

^  =  -  0.117  +  3.2  kJ-  [eV] 

eq.(22) 

Table  2  Comparison  of  the  experimental  results  and  the  theoretical 
values. 


References 

[1]  S.  Yamaguchi,  A.  Iiyoshi,  O.  Motojima,  M.  Okamoto,  S. 
Sudo,  M.  Ohnishi,  M.  Onozuka  and  C.  Uesono,  “Direct 
Energy  Conversion  of  Radiation  Energy  in  Fusion  Energy”, 
Proc.  of  7th  Int.  Conf.  Merging  Nucl.  Energy  Systems 
(ICENES),  (1994)  502. 

[2]  S.  Yamaguchi,  K.  Ikeda,  H.  Nakamura  and  K.  Kuroda,  “A 
Nuclear  Fusion  Study  of  Thermoelectric  Conversion  in 
Magnetic  field”,  4th  Int.  Sympo.  on  Fusion  Nuclear  Tech., 
ND-P25,  Tokyo,  Japan,  April  (1997). 

[3]  T.  C.  Harman  and  J.  M.  Honig,  “Thermoelectric  and  Ther- 
momagnetic  Effects  and  Applications”,  McGraw-Hill  Book 
Company,  (1967),  Chap.  7,  p.  311. 

[4]  K.  Ikeda,  H.  Nakamura,  S.  Yamaguchi  and  K.  Kuroda, 
“Measurement  of  Transport  properties  of  Thermoelectric 
Materials  in  the  Magnetic  Field”,  J.  Adv.  Sci.,  8  (1996) 
147,  (in  Japanese). 

[5]  H.  Nakamura,  K.  Ikeda,  S.  Yamaguchi  and  K.  Kuroda, 
“Transport  Coefficients  of  Thermoelectric  Semiconductor 
InSb”,  J.  Adv.  Sci.,  8  (1996)  153,  (in  Japanese). 

[6]  L.  D.  Landau,  E.  M.  Lifshitz  and  L.  P.  Petaevskii,  “Elec¬ 
trodynamics  of  Continuous  Media”,  2nd  Edition,  Perga- 
mon  Press,  (1984)101. 

[7]  E.  H.  Putly,  “The  Hall  Effect  and  Related  Phenomena”, 
London,  Butterworth  &Co.  Ltd.,  (1960),  Chap.  3,  p.  66. 

[8]  K.  Seeger,  “Semiconductor  Physics”,  Springer- Verlag, 
(1989). 

[9]  L.  J.  van  der  Pauw,  “A  Method  of  Measuring  Specific 
Resistivity  and  Hall  Effect  of  Discs  of  arbitrary  Shape”, 
Philips  Res.  Rep.,  13  (1958)  1. 

[10]  O.  Madelung,  “Physics  of  III-V  Compounds”,  J.  Wiley  & 
Sons,  (1964)  115. 

[1 1]  J.  D.  Wiley,  “Semiconductors  and  Semimetals”,  Vol.  10, 
ed.  by  R.  K.  Willardson  and  A.C.  Beer,  Academic  Press, 
(1975)  169. 

[12]  L.  Sosnowski,  “Therm-Electric  and  Therm-Magnetic  Ef¬ 
fects”,  Proc.  Int'l  School  of  Physics  "Enrico  Fermi”  XXII , 
Semiconductors  (Academic  Press,  New  York  and  London 
1963)  436. 

[13]  H.  J.  Hrostowski,  F.  J.  Morin,  T.  H.  Geballe,  and  G.  H. 
Wheatley,  Phys.  Rev.,  100  (1955)  1672. 

[14]  D.  M.  Zengin,  J.  Phys.,  D16,  (1983)  635. 

[15]  D.  M.  S.  Bagguley,  M.  L.  A.  Pobinson  and  R.  A.  Strandling, 
Phys.  Lett.,  6  (1963)  143. 


146 


16th  International  Conference  on  Thermoelectrics  (1997) 


Structural  and  Electrical  Properties  of  Flash 
Evaporated  ( Bi0ASb0,e)2Te3  Alloy  Thin  Films 

V.  Damodara  Das  and  P.  Gopal  Ganesan 

Thin  Film  Labor atory,  Department  of  Physics 
Indian  Institute  of  Technology,  Madras,  Chennai  -  600  036,  INDIA 
TEL:  +91-44-2351365  Ext.  3221,  Fax:  +91-44-2350509,  E-mail:  vddas@acer.iitm.ernet.in 


Abstract 

The  alloys  of  (Bij-xSbx)2Te3  are  the  best  materials  cur¬ 
rently  available  for  thermoelectric  application  near  room 
temperature.  Thin  films  of  (BiQASb0^)2Tes  alloy  were  pre¬ 
pared  by  flash  evaporation  technique  onto  clean  glass  sub¬ 
strates  held  at  room  temperature  in  a  vacuum  of  1  x  10~5 
torr.  Thickness  of  the  films  was  monitored  by  a  quartz 
crystal  thickness  monitor.  Structural  characterisation  was 
carried  out  by  X-Ray  Diffraction  (XRD)  and  Transmission 
Electron  Microscopy  (TEM).  It  was  found  that  the  struc¬ 
ture  of  the  alloy  films  is  hexagonal  and  the  films  are  poly¬ 
crystalline.  Electrical  resistivity  and  thermoelectric  mea¬ 
surements  were  carried  out  on  these  films  in  the  temper¬ 
ature  range  300  K  to  450  K.  From  the  electrical  resistiv¬ 
ity  measurements,  the  plot  of  Ln(cr)  vs  1000/T  was  drawn. 
From  the  plot  of  thermoelectric  power  against  temperature, 
the  nature  of  films  has  been  identified.  These  parameters 
are  found  to  influence  the  figure  merit  of  the  alloy  films. 

Introduction 

V2  (VI)S  compounds  Bi2Te 3  and  Sb2Te, 3  have  been  used 
because  of  their  good  thermoelectric  properties  for  the  fab¬ 
rication  of  thermoelectric  devices[l].  Mixed  crystals  of 
Bi2Tes  and  Sb2Te2  of  appropriate  proportions  give  a  p- 
type  material  with  a  thermoelectric  figure  of  merit  higher 
than  either  of  the  compounds  alone.  This  is  due  to  a  re¬ 
duction  in  the  mean  free  path  of  phonons  without  a  similar 
reduction  in  the  mean  free  path  of  the  holes  [2].  These  crys¬ 
tals  crystallize  in  the  series  of  anisotropic  narrow  band  gap 
semiconductors  with  trigonal  layer  structure  (point  group 
3m,  Dsd)>  Many  workers  have  studied  the  structure  and 
electrical  properties  of  bismuth  antimony  telluride  in  the 
bulk  state[3].  However,  there  are  very  few  works  on  these 
materials  in  the  thin  films  state [4].  In  this  paper,  the  struc¬ 
tural  and  electrical  properties  of  (BioASbo^)2Tes  alloy  films 
have  been  presented. 

Experimental 

The  bulk  alloy  of  (Bi0ASbo^)2Te2  was  prepared  from  5N 
pure  Bismuth,  Antimony  and  Tellurium  which  was  taken 
in  stoichiometric  proportion  in  a  vacuum  sealed  quartz  am¬ 
poule.  This  ampoule  was  kept  in  a  furnace  and  the  ampoule 


temperature  was  increased  upto  800°C  with  a  slow  rate  and 
the  ampoule  was  maintained  at  that  temperature  for  2  days 
in  order  to  provide  thorough  mixing  of  the  liquid  by  shak¬ 
ing  the  ampoule  frequently.  The  ampoule  was  then  cooled 
slowly  down  to  room  temperature.  The  ampoule  was  then 
broken  and  the  alloy  was  powered  for  use  as  a  source  ma¬ 
terial  for  thin  film  preparation. 

Thin  films  of  (BioASb0£)2Te2  were  deposited  on  clean  glass 
plates  held  at  room  temperature  by  flash  evaporation  tech¬ 
nique  in  a  vacuum  of  1  x  10"5  torr.  A  quartz  crystal  thick¬ 
ness  monitor  (model  QCT  101)  which  was  attached  to  the 
vacuum  coating  unit,  was  used  to  monitor  the  rate  of  de¬ 
position  of  the  film  and  also  the  thickness  of  the  deposited 
film.  The  thickness  of  the  deposited  film  was  1000  A.  These 
films  were  annealed  by  a  radiation  heater  in  a  vacuum  of 
1  x  10“5  torr  at  a  temperature  of  450  K  for  one  hour. 

To  investigate  the  crystal  structure  of  these  films,  an  X-ray 
diffractometer  (Philips  PW1373)  operated  at  35  kV  and 
20  mA  was  used  with  CuKa  radiation  (A  =  1.542  A).  X- 
ray  diffraction  patterns  were  recorded  automatically  with  a 
scanning  rate  of  2  deg.  min-1  in  the  scanning  angle  5-90 
deg.  The  microstructure  of  the  films  was  studied  using  a 
philips  CM12  Scanning  Transmission  Electron  Microscope 
(STEM).  Compositional  analysis  was  also  carried  out  in  the 
transmission  electron  microscope  using  the  Energy  Disper¬ 
sive  Analysis  of  X-rays  (ED AX)  analyser  connected  to  it. 

Thermoelectric  power  measurements  were  carried  out  by 
the  integral  method  in  the  temperature  range  300  -  450  K. 
Thermal  emf  generated  due  to  thermal  gradient  across 
the  film  was  measured  using  a  Keithley  (USA)  multime¬ 
ter  (model  196)  with  respect  to  copper.  The  temperature 
of  the  hot  end  of  the  film-copper  junction  was  monitored 
by  another  Keithley  multimeter  using  a  copper  constan- 
tan  thermocouple.  These  two  multimeters  were  interfaced 
with  a  286  AT  computer  through  a  IEEE  interface  bus.  The 
rate  of  heating  and  cooling  were  controlled  by  the  computer 
using  some  switching  circuits  and  this  was  maintained  at 
90°  C/hour.  The  temperature  and  thermal  emf  data  were 
collected  by  the  computer  and  stored  in  the  hard  disk  which 
were  used  later  for  further  analysis. 

Electrical  conductivity  of  the  films  was  measured  by  the  two 
probe  method  using  large  area  (1  cm2)  copper  pad  pressure 
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contacts.  It  was  verified  before  hand  by  current  -  voltage 
measurements  in  both  directions  (whose  plots  were  linear) 
that  the  contacts  were  ohmic  in  the  required  voltage  range. 
The  temperature  of  the  film  was  controlled  by  a  radiation 
heater  in  a  vacuum  of  1  x  10-5  torr  and  it  was  measured  by 
a  Keithley  multimeter  using  a  copper  const  ant  an  thermo¬ 
couple.  The  resistance  of  the  films  was  measured  using  a 
Keithley  multimeter  (model  196).  Hall  effect  measurements 
were  carried  out  by  means  of  the  four-point  direct  current 
Van  der  Pauw  method  at  room  temperature. 

Results  and  Discussion 

Structural  and  Morphological  Analysis 
From  the  positions  of  the  peaks  of  the  X-ray  diffraction 
pattern  of  bulk  alloy,  the  interplaner  spacings  (d hkl)  were 
determined.  The  observed  d- values  are  tabulated  and  com¬ 
pared  with  the  standard  d- values  of  Bi^Te^  and  Sb2Te%  in 
Table  1.  The  Miller  indices  of  each  of  the  peaks  were  iden¬ 
tified  with  the  help  of  ASTM  cards  (card  836  and  card  874 
in  set  15)  [5].  It  was  found  on  comparison  that  the  struc¬ 
ture  of  (BiQASbo^Tez  alloy  is  also  hexagonal  and  from 
the  observed  d- values  of  the  diffraction  peaks,  the  lattice 
constants  of  the  bulk  alloy  were  evaluated  to  be  a=  4.23 
A  and  c  —30.07  A. 

Figure  1  shows  the  typical  X-ray  diffraction  pattern  of 
a  typical  film  of  (BioA Sho^Te^.  It  indicates  the  poly¬ 
crystalline  nature  of  the  film.  X-ray  diffractograms  of 
thin  films  of  the  sample  confirmed  that  the  structure  of 
(. BioASbo^Te-s  films  is  the  same  as  that  of  the  bulk.  The 
grain  size  of  the  films  was  calculated  from  the  x-ray  diffrac- 
togram  peaks  using  the  Scherrer  formula,  L  =  Q.9\/Bcos0b 
where  L  is  the  grain  size,  A  the  wavelength  of  the  radiation 
used,  B  the  full  width  at  half  maximum  and  6b  the  diffrac¬ 
tion  angle.  The  grain  size  of  the  as-grown  film  is  140  A  and 
annealed  film  is  200  A  .  Thus,  grain  size  was  found  to  be 
high  for  annealed  films  compared  to  as-grown  films. 

Figure  2  shows  the  transmission  electron  micrograph  and 
selected  area  electron  diffraction  pattern  of  a  film  of  thick¬ 
ness  1000  A.  From  the  electron  micrograph,  the  size  of  the 
grains  was  calculated  to  be  200  A.  In  addition  to  the  XRD 
pattern,  the  selected  area  electron  diffraction  pattern  also 
indicates  the  polycrystalline  nature  of  the  films.  From  the 
diameter  of  each  ring  in  the  selected  area  electron  diffrac¬ 
tion  pattern,  the  interplaner  distances  (d hkl)  were  calcu¬ 
lated.  These  d- values  are  also  given  in  the  Table  1  and 
they  are  comparable  with  the  bulk  alloy  d- values  and  the 
d- values  calculated  from  the  XRD  pattern  of  thin  films. 

The  results  from  the  BDAX  spectrum  are  given  in  Table  2. 
It  is  observed  that  the  atomic  percentage  of  Sb  and  Te  are 
deviated  from  the  expected  values  by  a  large  and  small 
extent  respectively.  This  can  be  attributed  to  the  fact  that 
La  peaks  for  Sb  and  Te  are  very  close  (3.60  and  3.77  KeV). 
Due  to  the  resolution  limit  of  the  instrument,  the  appar¬ 
ent  deviation  of  atomic  percentage  observed  is  expected  for 
these  two  elements.  Also  due  to  some  fractionation  and 
re- evaporation  of  volatile  components,  a  change  in  compo- 


Figure  1:  X-ray  diffraction  pattern  of  a  thin  film 


(b) 

Figure  2:  Electron  micrograph  (a)  and  diffraction  pattern 
(b)  of  a  film  of  thickness  1000  A 
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Table  1:  Comparison  of  d  -  values  of  (Bi0.4Sb0.6)2  Te3  bulk 
and  thin  films  from  XRD  and  electron  diffraction  data  with 
standard  d  -  values. 


ASTM  d-values 

hkl 

Observed  d-values  (A) 

(A) 

XRD 

Film  t= 

=1000A 

Bi2Te3 

Sb2Te3 

Bulk 

XRD 

e-diff. 

5.078 

5.08 

006 

5.0463 

3.767 

101 

3.7333 

3.398 

104 

3.3844 

3.222 

3.157 

015 

3.1742 

3.1430 

3.2332 

2.689 

018 

2.6615 

2.6612 

2.376 

2.349 

1010 

2.3601 

2.3444 

2.3534 

2.238 

2.215 

om 

2.2200 

2.192 

2.130 

110 

2.1583 

2.1417 

2.1667 

2.031 

2.030 

0015 

2.0308 

2.0232 

1.995 

1.977 

1013 

2.0144 

1.9921 

1.812 

1.766 

205 

1.7846 

1.7894 

1.693 

1.692 

0018 

1.6933 

1.6903 

1.611 

1.578 

0210 

1.5898 

1.5918 

1.4901 

1115 

1.4792 

1.4827 

1.4513 

1.450 

0021 

1.4512 

1.414 

1.408 

0120 

1.4107 

1.397 

1.3597 

125 

1.3741 

1.3747 

1.3404 

1.3249 

1118 

1.3307 

1.2986 

2110 

1.2818 

1.2782 

Table  2:  Results  of  ED  AX  analysis 


Elements 

Atomic  % 

Observed 

Expected 

Bi 

16.0 

16±0.8 

Sb 

14.5 

24±1.2 

Te 

69.5 

60±3.0 

Figure  3:  Plot  of  thermal  emf  versus  temperature 
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Figure  4:  plot  of  thermoelectric  power  vs  temperature 
sition  takes  place  in  the  films  formed. 

Thermoelectric  power 

Figure  3  shows  the  measured  thermal  emf  for  the  annealed 
film  in  the  temperature  range  300  -  450  K.  It  is  observed 
that  at  low  temperatures  the  thermal  emf  is  nearly  linear 
and  at  high  temperatures,  it  deviates  much  from  linearity. 
From  the  slope  of  the  plot,  the  thermoelectric  power  of  the 
film  was  calculated. 

Figure  4  shows  the  variation  of  the  Seebeck  coefficient  as 
a  function  of  temperature.  The  Seebeck  coefficient  is  tem¬ 
perature  dependent  and  at  low  temperatures  it  increases 
with  increasing  temperature  and  at  high  temperatures  it 
decreases  with  increasing  temperature.  This  indicates  the 
degenerate  nature  of  the  films.  From  the  voltage  terminal 
connected  to  the  cold-end  it  was  found  that  that  end  was 
positive,  and  hence,  the  semiconductor  was  p-type. 
Electrical  resistivity 

Electrical  resistivity  measurements  were  carried  out  for  two 
cycles  of  heating  and  cooling.  Figure  5  shows  the  resistivity 
variation  with  temperature  during  heating-cooling  cycles 
for  as-grown  and  annealed  films.  During  the  first  heating 
cycle,  the  resistivity  variation  is  different  from  all  other  cy¬ 
cles.  But  the  resistivity  variation  in  the  second  (and  subse¬ 
quent)  heating  and  cooling  cycles  retraced  the  variation  in 
the  first  cooling  cycle.  Resistivity  during  the  first  heating 
cycle  was  considerably  higher  than  that  in  the  first  cooling 
cycle.  Irreversible  changes  occur  during  the  first  heating 
cycle  leading  to  a  steep  fall  in  resistance  which  can  be  ex¬ 
plained  by  the  following: 

A  large  number  of  non- equilibrium  defects  which  are  ther¬ 
modynamically  unstable,  are  frozen-in  during  the  deposi¬ 
tion  of  a  film.  During  the  first  heating  these  defects  are 
annealed  out. [6]  The  substrate,  i.e.,  glass  plate  is  inert  to¬ 
wards  the  film  atoms  and  this  causes  the  re-evaporation  of 
the  film  material.  Another  significant  effect  due  to  anneal¬ 
ing  is  re-orientation  and  growth  of  micro  crystallites  which 
leads  to  the  increase  in  size  of  the  grains.  The  increase  in 
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Figure  5:  Plot  of  electrical  resistivity  vs  temperature 


1000/T  (K'1) 

Figure  6:  Plot  of  In  (a)  vs  reciprocal  temperature 


the  grain  size  leads  to  a  reduction  in  the  ratio  between  grain 
boundary  area  and  grain  volume  and  consequently  in  grain 
boundary  scattering.  These  processes  lead  to  irreversible 
changes  in  resistivity. 

Figure  6  shows  the  plot  of  ln(cr)  vs  1  /T  for  annealed  films. 
It  is  clear  from  Fig.  6  that  the  plots  are  nearly  linear.  Thus, 
( BiQASbo.6)2Te>s  thin  films  studied  in  the  present  work  ex¬ 
hibit  normal  semiconducting  behaviour  of  exponential  in¬ 
crease  of  conductivity  with  temperature  in  the  temperature 
range  studied,  after  annealing.  From  the  plot  of  ln(cr)  vs 
1  /T  the  values  of  the  activation  energy  have  been  calculated 
using  the  relation  [7]: 


where  Ea  is  the  conductivity  activation  energy  and  k  is 
the  Boltzmann  constant.  The  slight  deviation  from  lin¬ 
earity  is  due  to  effects  of  impurities/ defects  present  in  the 
films.  During  the  deposition  of  the  films,  gas  molecules, 
including  oxygen  will  also  bombard  the  substrate  simulta¬ 
neously  and  these  will  be  trapped  in  the  growing  film.  This 


leads  to  the  formation  of  defects.  The  oxygen  (electroneg¬ 
ative)  atoms  bind  electrons  and  generate  holes  and  cause 
hole  conduction.  During  annealing,  most  of  these  defects 
are  annealed  out  eventhough  the  defects  which  have  decay 
energies  higher  than  the  annealing  temperature  will  be  still 
present  in  the  film.  Due  to  the  different  vapour  pressures 
of  the  elements,  there  will  be  a  slight  deviation  from  stoi¬ 
chiometry,  i.e.,  excess  or  deficiency  of  a  component.  These 
defects  produce  extra  quantum  levels  distinct  from  those  of 
the  main  lattice. 

The  calculated  activation  energy  value  is  55  meV.  From  the 
Hall  effect  study  in  the  magnetic  filed  of  2.5  K. Gauss,  hole 
concentration  was  determined  at  room  temperature  for  an¬ 
nealed  films  and  was  found  to  be  1.2  x  1019cm-3. 

Conclusions 

Thin  films  of  6)2^3,  prepared  by  flash  evapora¬ 

tion  were  characterized  by  XRD  and  Electron  Microscopy 
and  Electron  Diffraction.  These  films  are  polycrystalline 
with  hexagonal  structure  and  the  d- values  are  comparable 
with  the  bulk.  From  the  thermoelectric  power  measure¬ 
ment,  it  is  found  that  the  films  are  p-type  semiconducting. 
The  activation  energy  for  conduction  in  these  films  is  cal¬ 
culated  from  the  resistivity  measurement.  The  carrier  con¬ 
centration  of  the  films  was  calculated  from  the  Hall  effect 
measurement.  The  thermoelectric  power  depends  on  the 
carrier  concentration  of  the  film.  The  thermoelectric  figure 
of  merit  depends  on  the  thermoelectric  power  and  electrical 
resistivity  of  the  films. 
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Abstract 

The  results  of  using  (BiSb)2Te3  and  Bh(TeSe)3  films 
prepared  by  pulsed  vacuum  plasma  method  in  contactless 
thin-film  TET’s  are  presented.  The  devices  are  compatible 
in  technology  and  miniaturization  degree  with 
microelectronic  structures  and,  hence,  can  be  used  as 
components  of  special-purpose  integrated  devices  for 
converting,  processing  and  measuring  of  electrical  signals. 
Comparison  is  made  between  the  parameters  of  two  types 
of  differential  transducers  of  identical  design  with 
thermobattery  branches  made  of  PbTe/GeTe  films 
(reference  device)  and  (BiSb)2  Te3  /Bi2(TeSe)  3  films, 
respectively.  The  films  were  deposited  by  flash 
evaporation  and  pulsed  plasma  methods  onto  anodic 
AI2O3  wafers  used  as  a  base  for  the  device.  It  is  found  that 
the  bismuth-telluride  TET  shows  a  much  higher 
conversion  coefficient  as  compared  to  the  reference  device. 
Thus,  the  conversion  coefficient  increases  from  6  to  12 
V/W  in  case  of  plasma  method  and  from  6  to  8VAV  in 
case  of  flash  evaporation.  The  conversion  coefficient  can 
be  further  increased  by  annealing  (BiSb)2  Te3/  Bh(TeSe)  3 
branches  in  argon.  The  transducer  works  at  5-105  pW 
input  power  and  0-100MHz  input  frequency,  with  the 
conversion  error  <1,5%.  Another  advantage  of  the 
(BiSb)2Te3/Bi2(TeSe)  3  TET’s  is  that  there  is  no  need  for 
protective  film  on  the  branch  surface  against  degradation 
of  device  parameters  normally  found  with  PbTe/GeTe- 
based  devices  due  to  branch  material  oxidation.  It  should 
also  be  noted  that  lower  surface  resistance  of  branches 
subjected  to  annealing  allows  formation  of  thermosensitive 
elements  with  lower  output  resistance  on  the  same  wafer 
area.  Besides,  for  the  same  rating  values  of  thermosensitive 
elements,  smaller  area  of  dielectric  wafer  is  required  and 
the  overall  sensor  size  is  smaller. 

Introduction 

The  thin-film  thermoelectrical  measuring  transducer 
(TET)  carries  out  conversion  of  electrical  signals  to 
constant  voltage  and  is  employed  in  such  devices  as 
broadband  digital  voltmeters.  The  device  has  been  made 
by  using  an  original  technology  based  on  anodic  alumina. 
The  method  used  to  form  the  heating  element  of  the  TET 
makes  it  possible  to  fabricate  a  group  of  amorphous 
alumina  substrates  with  nichrome  heating  elements  in  a 
single  production  cycle  by  employing  photolithography. 
Because  of  peculiar  properties  of  the  chosen  structural 
elements,  the  problem  of  making  thermocouple  branches  is 
fairly  complex  owing  to  low  adhesion  of  film 


thermoelectric  materials  to  anodic  oxide.  Thermocouple 
branches  were  formed  by  pulsed  vacuum  arc-plasma 
plasma  method.  Solid  solutions  based  on  bismuth 
telluride  such  as  (BiSb)2Te3  and  Bi2(TeSe)3  were  used  as 
sputtered  materials  [1].  This  paper  gives  a  detailed 
description  of  a  pulsed  vacuum-arc  plasma  unit  employed 
and  contains  a  discussion  of  the  parameters  of  thermo¬ 
electrical  transducers  made  with  branches  of  different 
materials. 

Pulsed  Vacuum  Arc  Plasma  Unit 

The  (BiSb)2Te3  and  Bh(TeSe)3  films  were  prepared  by  the 
pulsed  vacuum-arc  plasma  method  in  oil-free  vacuum  of 
Kb5  Pa  using  the  unit  demonstrated  in  Fig.  1 .  The  unit 
represents  a  coaxial  electrode  system  with  a  central 
electrode  of  sputtered  material  and  an  outer  cylindrical 
electrode  between  which  a  high-current  vacuum-arc 
discharge  is  initiated  in  vapors  of  cathode  material.  The 
cathode  is  made  in  the  form  of  a  rod  (10  mm  in  diameter) 
by  pressing  powder  of  sputtered  material  and  is  kept  in 
close  contact  to  the  conical  surface  of  the  insulator  by 
means  of  a  spring,  which  is  necessary  for  automatic 
feeding  of  the  cathode  consumed  during  the  process. 
Initiation  of  the  main  discharge  in  the  unit  is  achieved  by 
means  of  an  auxiliary  low-power  discharge  created 
between  the  central  cathode  and  coaxially  located  igniting 
electrode.  The  cathode  and  the  igniting  electrode  are 
separated  by  the  insulator.  The  conductive  film  of  cathode 
material  is  preliminarily  deposited  on  the  insulator  surface 
with  its  composition  corresponding  to  the  required  film 
composition  and  undergoes  vaporization  under  the  action 
of  the  current  pulse.  The  plasma  fills  the  gap  between  the 
cathode  and  anode,  and  the  main  arc  is  initiated.  During 
the  life  of  the  arc  the  conductive  film  on  the  insulator  is 
recovered.  The  conductive  film  resistance  is  chosen  in  the 
range  of  2  Ohm  to  200  kOhm.  The  anode  and  igniting 
electrode  are  made  of  copper,  and  the  insulator  is  made  of 
high-density  alumina.  During  the  discharge,  erosion  of  the 
anode,  igniting  electrode  and  insulator  is  negligible. 
Plasma  is  generated  on  the  butt-end  surface  of  the  central 
cathode.  The  plasma  flux  is  further  accelerated  by  means 
of  the  special  magnetic  system.  Power  supply  sources  for 
the  main  discharge  and  discharge  initiation  system  are 
characterized  by  the  following  respective  parameters: 
capacitance  of  the  capacitor  battery  varies  within  50  to  450 
pF  and  within  0.1  to  3.9  pF;  the  voltage  between  the 
cathode  and  anode  varies  up  to  1000  V,  and  between  the 
cathode  and  igniting  electrode  up  to  900  V;  pulse 
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Fig.  1 :  Appearance  of  the  vacuum-arc  plasma  unit. 

repetition  frequency  used  for  plasma  generation  ranges 
from  1  to  1000  Hz. 

Description  of  the  TET 

The  TET  consists  of  two  identical  thin-film  multielement 
contactless  conversion  units  which  operate  in  differential 
connection  scheme.  Fig.2  shows  a  schematic  illustration  of 
one  of  the  conversion  units.  The  input  part  of  the 
transducer  represents  a  heater,  and  the  output  part  is  a 
thermobattery  [2,3].  With  an  input  signal  on  the  heater,  the 
thermo-e.m.f.  taken  at  the  output  is  proportional  to  the 
r.m.s.  value  of  the  input  signal.  The  value  of  the  thermo- 
e.m.f.  is  fed  at  the  input  of  a  voltmeter.  In  the  contactless 
TET's  the  heaters  and  thermobatteries  are  made  as  thin 


b 


Fig.  2:  (a)  A  schematic  image  of  one  of  the  conversion 
units:  1  -  dielectric  substrate,  2  -  heater,  3  - 

contact  pads,  4,5  -  thermocouple  branches,  6  - 
contact  pads  for  thermobattery,  7  -  cold-soldered 
connection,  8  -  hot-soldered  connection. 

(b)  An  illustration  of  the  TET. 

films  placed  on  the  opposite  surfaces  of  a  dielectric 
substrate.  The  thermobatteries  consist  of  series-connected 
thermocouples.  For  convenience,  measuring  circuits  are 
made  of  two  identical  transducers  (differentially 
connected).  Such  connection  reduces  a  negative  influence 
of  the  ambient  atmosphere  (temperature,  humidity, 
pressure,  electric  interference,  etc.).  The  TET  is  made  on  a 
perforated  dielectric  substrate  of  anodic  alumina  with  the 
dimensions  8.0x4.5x0.03  mm.  The  substrate  was  formed  by 
anodizing  an  aluminium  plate  0.07  mm  thick  in  a  3% 
solution  of  oxalic  acid  for  35  +  2  min  at  30  mA/cm2 
current  density.  Then,  the  heaters  were  formed  by  a  group 
technology  using  photolithography  (see  Fig.  3). 

The  nichrome  heater  was  made  from  a  resistive  material 
0.8  pm  thick  by  ion  plasma  sputtering.  The  process  was 
conducted  in  vacuum  not  less  than  6.6x1  O'4  Pa.  Prior  to 
deposition  the  substrates  were  heated  to  (620+10)K  and 
the  chamber  was  filled  with  argon  whose  pressure  was 
maintained  at  1.2- 1.6  Pa  during  the  deposition  process.  To 
obtain  the  required  resistance  value  (p  =  2.8  Ohm/D) 
deposition  was  performed  for  20  min  at  the  current  of  230- 
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250  mA  on  the  target.  Thin  nichrome  films  were  also  used 
as  underlayers  for  formation  of  nickel  metallization. 
Contact  pads  0.6  -  1.0  pm  thick  were  formed  on  the  heater 
by  thermal  vacuum  evaporation  of  a  material  having  high 
electric  conductivity  (nickel,  copper,  silver).  The 
thermobattery  was  formed  on  the  surface  opposite  to  that 
of  the  heater.  The  heater  sized  4.6  x  0.2  mm  is  in  thermal 
contact  with  30  thermocouples,  each  having  two  branches 


Fig.  3:  A  finished  heating  unit  of  the  TET. 


sized  1.1  x  0.1  mm.  The  gap  between  branches  of  the  two 
adjacent  thermocouples  is  0.05  mm.  D.C.  resistance  of  the 
heater  was  75  Ohm.  The  total  resistance  of  the 
thermobattery  consisting  of  series-connected 

thermocouples  does  not  exceed  10  kOhm,  while  the 
resistance  of  one  branch  is  166  Ohm.  The  TET  is  sealed  in 
a  metalloglass  package,  and  its  parameters  are  measured 
by  special  method.  The  device  is  tested  in  the 
environmental  temperature  of  240-345  K  and  humidity  of 
98%  at  295  K.  The  TET's  feature  the  following 
characteristics:  operation  frequency  range  is  0-100  MHz; 
deviation  from  quadratic  conversion  in  the  input  signal 
range  of  0.05  -  1.0  V  does  not  exceed  0.4%;  the  conversion 
error  at  100  MHz  is  not  more  than  1.5%.  As  input 
voltages  in  the  range  of  0.03-0.06  V  change  their  polarity, 
deviation  in  the  conversion  coefficient  is  0.4%.  At  voltages 
higher  than  0.06  V,  it  is  not  more  than  0.1%. 

Experimental  Results  and  Discussion 

To  study  the  efficiency  of  (BiSb)2Te3  and  Bh(TeSe)3  films 
prepared  by  the  pulsed  vacuum-arc  plasma  method  as 
thermobattery  branch  materials,  we  have  made  transducer 
matrices  with  practically  similar  parameters  and 
prototypes  of  a  multielement  differential  thermoelectrical 
transducer.  The  following  deposition  parameters  were 
used:  residual  gas  pressure  in  the  vacuum  chamber  was 
not  higher  than  4  x  104Pa;  plasma  pulse  repetition 
frequency  was  20  Hz;  capacitance  of  the  discharge  battery 
of  the  power  supply  source  was  100  pF;  the  discharge 
voltage  was  160  V;  plasma  pulse  duration  was  1.5  ms;  the 


substrate  temperature  was  470  and  450  K  for  (BiSb)2Te3 
and  Bi2(TeSe)3,  respectively.  Surface  resistance  was 
controlled  in  the  course  of  deposition.  For  p-type  films 
formed  by  pulsed  vacuum-arc  plasma  method,  it  was  less 
than  22  Ohm/D,  and  for  n-type  branch  it  was  17  Ohm/D, 
with  the  thermo-e.m.f.  coefficicents  being  106.7  and  -90.7 
pV/K,  respectively.  The  experimental  devices  were 
compared  with  the  reference  commercial  devices  which 
contained  GeTe  and  PbTe  thermobattery  branches.  P-  and 
n-type  branches  of  GeTe  and  PbTe  were  0.5-0. 9  pm  thick 
and  had  surface  resistance  of  6  and  8  Ohm/D,  respectively. 
They  were  deposited  by  flash  evaporation  or  from 
Knudsen  cell  at  the  rates  of  0.0050  and  0.0055  pm/s  and 
substrate  temperatures  of  435  and  400  K,  respectively. 
Comparison  was  also  made  with  TET's  with  (BiSb>2Te3 
and  Bh(TeSe)3  thermobattery  branches  produced  by  the 
above  methods  with  the  deposition  rates  0.006  and  0.0035 
pm/s,  respectively.  The  basic  parameters  of  the  TET's 
made  of  different  branch  materials  are  given  in  Table  1. 


Table  1.  Basic  parameters  of  TET's  made  by  using  various 
methods  and  materials 


Parameter 

TET1* 

unit  A  unit  B 

TET2** 
unit  A  unit  B 

Ref 

device 

Heater  resistance 
(Ohm) 

72,5 

72,1 

75 

Thermobattery 
resistance  (kOhm) 

17,9 

18,4 

24,2 

25,8 

25 

Conversion 
coefficient  (V/W) 

13,5 

11,8 

8,0 

8,0 

6 

*(BiSb)2Te3  and  Bi2(TeSe)3  branches  deposited  by  pulsed 
vacuum-arc  plasma  method, 

**(BiSb)2Te3  and  Bh(TeSe)3  branches  deposited  by 
vacuum  evaporation. 

As  can  be  seen,  the  use  of  (BiSb)2Te3  and  Bi2(TeSe)3  results 
in  an  increased  conversion  coefficient  with  the  internal 
thermobattery  resistance  being  unchanged.  For  the 
devices  with  vacuum  evaporated  branches,  the  conversion 
coefficient  is  8  V/W.  For  the  devices  with  branches  made 
by  pulsed  vacuum-arc  plasma  method,  the  conversion 
coefficient  ranges  from  6  to  12  V/W.  The  pulsed  vacuum- 
arc  plasma  method  made  it  possible  to  solve  the  problem 
of  increasing  adhesion  of  chalcogenide  films  to  alumina, 
which  also  allowed  us  to  conduct  annealing  in  inert 
atmosphere.  Thermal  annealing  of  the  devices  was 
conducted  in  Ar  at  0.9  atm.  pressure  for  30  min  with 
temperature  being  575,  625  and  675  K.  Table  2  illustrates 
changes  in  the  basic  parameters  of  the  experimental  TET 
with  chalcogenide  branches  in  the  course  of  annealing  in 
argon  atmosphere  at  575  K  for  30  min.  It  can  be  seen  from 
Table  2  that  annealing  leads  to  a  substantially  higher 
conversion  coefficient  (up  to  17.9  V/W).  The  higher 
conversion  coefficient  is  not  the  only  advantage  offered  by 
materials  based  on  bismuth  telluride  and  the  deposition 
method  employed.  Our  studies  have  shown  that  the  films 
do  not  practically  degrade  when  stored  in  air  (humidity  of 
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Table  2.  The  effect  of  annealing  on  TET  efficiency 


Parameter 

Before 
annealing 
unit  A  unit  B 

After 
annealing 
unit  A  unit  B 

Ref. 

device 

Heater  resistance 
(Ohm) 

65 

65 

64.8 

64.7 

75.0 

Thermobattery 
resistance  (kOhm) 

18.0 

18.14 

15.7 

15.3 

25 

Conversion 

coefficient(V/W) 

11.7 

11.7 

17.9 

18,9 

6 

monocrystalline  (NaCl)  and  amorphous  (polyimide) 
substrates  depending  on  the  operation  regime  of  the 
vacuum-arc  plasma  unit  demonstrate  that  there  is  a  wide 
space  for  further  improvements. 
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Abstract 

On  the  measurement  of  thermoelectric  power  and  Nernst 
coefficient,  we  used  two  kinds  of  shapes  for  a  sample.  One  is 
"Bridge  shape"  and  the  other  is,  we  call,  "Fat-Bridge  shape". 
The  latter  has  5  times  wider  main  body  than  the  former.  We 
used  pure  n-InSb  in  this  experiment,  whose  carrier  condensation 
measured  at  77K  was  6.6  x  10'14  cm'3.  The  length  of  sample  is 
17mm  and  temperature  difference  induced  between  the  edges  in 
that  direction  were  about  10HC  or  100°C  near  a  room 
temperature  range  of  0  to  100°C.  Magnetic  induction  added  in 
the  perpendicular  direction  to  temperature  gradient  was  in  the 
range  of  0  up  to  4  Tesla.  In  the  case  of  "Fat-Bridge  shape",  we 
detected  about  10%  smaller  Nernst  coefficient  and  1  to  10% 
smaller  thermoelectric  power  comparing  to  the  "Bridge  shape". 
We  suppose  this  phenomena  is  due  to  the  geometric 
contribution  on  the  different  shape  of  samples. 

Introduction 

We  call  some  semiconductors  Nernst  element  [1,2],  which  will 
be  able  to  use  for  the  generation  of  electric  power  by  applying 
the  Nernst  effect.  As  the  fundamental  study  for  the  power 
generation  by  the  Nernst  elements,  we  are  studying  for  the 
transport  properties  of  its  candidates  in  a  magnetic  field  [3,4]. 
By  measuring  their  transport  coefficients,  we  will  be  able  to 
estimate  the  efficiency  of  energy  conversion. 


Fig.  1  :  The  scheme  of  measurement,  (a)  is  for  thermoelectric 
power  and  (b)  is  for  Nernst  coefficient. 

Suppose  a  sample  is  rectangular  parallelepiped  and  its  scale  is 
of  length  L,  width  w,  thickness  t,  then  a  temperature  gradient  is 
given  in  the  direction  of  L.  That  scheme  is  indicated  to  Fig.l. 
We  can  obtain  the  thermoelectric  power  a  by  detecting  the 
potential  difference  Va  and  temperature  difference  AT  between 
edges  in  the  direction  of  L,  and  the  Nernst  coefficient  N  by 
temperature  gradient  AT/L  and  the  magnetic  induction  B  added 
in  the  perpendicular  direction  to  temperature  gradient  and 
potential  difference  VN  in  the  perpendicular  direction  to  both 
temperature  gradient  and  magnetic  induction.  They  were 
calculated  from  eq.  (1)  and  (2)  as  follows: 


Experiment 

The  thermoelectric  effect  and  the  Nernst  effect  can  be  written 
respectively  in  the  form, 


hence  a  = 


E=<x*gradl,  (1) 

E=N*BxgradT,  (2) 

where  E  is  electric  field,  a  thermoelectric  power,  T 
temperature,  N  Nernst  coefficient  and  B  magnetic  induction. 


(3) 


(4) 


0-7803-4057-4/97  $10.00  ©1997  IEEE 
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On  this  measurement,  it  is  very  important  that  we  used  two 
kinds  of  the  shapes  for  a  sample.  They  are  indicated  to  Fig. 2. 


(a) 


I 

I — 10- 

2) 


^  «  ij 


(b) 


It 


—17— 


1a 


6 


I ~ 12“ 
I  I — 10— 


nz2 


2  'MH 

R- 

^  Ur 


It 


[mm] 


[mm] 


Bridge  shape 


Fat-Bridge  shape 


Fig.  2  :  The  shape  of  samples,  (a)  is  Bridge  shape  and  (b)  is 
Fat-Bridge  shape. 


were  welded  to  sample. 

We  had  the  experiment  around  room  temperatures  and  on  the 
two  kinds  of  temperature  conditions.  On  one  condition,  the 
temperature  difference  of  between  sample  edges  is  10  °C,  and 
temperature  of  cold  side  is  increased  0  up  to  80  °C  by  10  °C. 
On  the  other  condition,  the  cold  side  is  fixed  to  0  °C  and  hot 
side  is  100  °C. 

Experimental  equipments  are  indicated  to  Fig.  4.  By  using  the 
superconducting  magnet  coil  which  is  included  into  the 
cryostat,  magnetic  field  of  0  to  4  Tesla  is  generated  in  the 
central  region  of  vacuum  chamber.  The  region  of  10mm  square 
in  the  central  part  of  the  chamber  is  stable  within  0.1%  to  the 
magnetic  field  strength  of  central  point.  We  had  measurements 
of  physical  properties  in  that  region.  Inner  pressure  of  chamber 
was  less  than  10‘3Pa. 


One  is  called  ’’Bridge  shape",  that  has  narrow  main  body, 
several  legs  for  measuring  leads  and  wide  heads  on  the  edges  for 
having  good  attachments  to  heating  or  cooling  bath.  We  call 
the  other  "Fat-Bridge  shape",  that  has  5  times  wider  body  than 
Bridge  one.  The  samples  were  cut  out  from  thin  wafers  at 
accuracy  of  about  0.1mm  by  wire  cutter.  We  measured  their 
scale  at  precision  of  within  0.005mm  by  micrometer. 

These  samples  were  located  on  the  sample  holder  as  is  indicated 
to  the  Fig.3. 


Cryostat 

( including  Superconducting  Magnet  Coil ) 


Fig.  3  :  Sample  holder  which  is  mounted  on  sample  mounter 
and  inserted  in  the  central  part  of  vacuum  chamber. 

(a)  and  (b)  are  its  top  view  and  side  view  respectively. 

When  we  make  the  temperature  gradient  in  the  samples, 
temperatures  are  controlled  by  two  Cu  blocks  attached  to  the 
edges  of  sample.  One  is  heated  up  to  about  100°C  by  foil  heater 
and  the  other  is  cooled  down  to  about  0°C  by  the  unfrozen 
liquid  mixed  water  and  ethylene  glycol.  Temperatures  were 
measured  by  Chromel-Almuel  thermocouples.  Measuring  leads 
for  voltage  signals  are  0.5mm  diameter  wires  of  the  Cu  which 


Fig.  4  :  The  experimental  equipments.  Superconducting  magnet 
coil,  vacuum  chamber  and  sample  mounter. 

Physical  phenomena  of  temperature  and  electric  field  are 
transduced  to  voltage  signals  by  thermocouples  and  leads.  As  is 
indicated  to  Fig.  5,  transduced  voltage  signals  are  inputted  to 
isolation  amplifiers.  Then,  amplified  signals  are  sent  to  16bit 
A/D  converter  plugged  into  a  personal  computer  and  are 
digitized. 

The  maximum  gain  of  the  Amplifier  is  2000.  We  can  detect 
voltage  signals  in  the  resolution  of  0.1 5|iV  at  maximum.  On 


156 


16th  International  Conference  on  Thermoelectrics  (1997) 


1 6bit  AD  Converter  Superconducting  Magnet  Coil 


Fig.  5  :  Data  acquisition  system. 

this  measurement,  the  precision  of  the  temperature 
measurement  were  less  than  0.1K  and  the  relative  error  of  the 
voltage  measurement  were  not  exceed  0.5%. 


of  the  case  of  80-90°C,  the  sign  of  Nemst  coefficients  was 
negative  on  this  experiment.  These  results  have  qualitative 
agreements  with  the  investigation  of  up  to  2  Tesla  reported  in 
[5].  But  we  detected  the  qualitative  difference  when  the  shapes 
of  samples  were  different.  At  4  Tesla,  Nemst  coefficients 
measured  on  the  Fat-Bridge  shape  were  about  12%  smaller  than 
those  on  the  Bridge  shape  in  all  cases  and  that  tendencies  are 
similar  in  strong  fields. 

In  the  measurement  of  thermoelectric  powers,  the  any  value  on 
the  Fat-Bridge  shape  was  smaller  than  that  on  the  Bridge  shape. 
But  the  rate  of  its  reduction  were  about  8%,  5%  and  less  than 
1%  in  the  case  of  0-100°C,  10-20°C,  80-90°C  respectively. 


Data  analysis  and  discussion 

Figures  6  and  7  shows  the  dependence  of  thermoelectric  power 
and  Nemst  coefficient  on  magnetic  induction  respectively.  They 
include  data  on  the  conditions  that  the  temperature  pairs  of 
heating  block  and  cooling  one  are  set  on  0  and  100°C,  10  and 
20°C  and  80  and  90°C.  In  Fig.  6,  we  used 

P  =  N  •  B,  (5) 

as  substitute  for  Nemst  coefficient. 


Fig.  6  :  The  B  dependence  of  P,  which  is  defined  as  product  of 
Nemst  coefficient  and  magnetic  induction. 

In  very  weak  and  strong  magnetic  fields,  P  was  linearly 
decreasing  or  decreasing  with  the  increase  of  field  strength.  It 
means  that  Nemst  coefficient  is  nearly  constant  in  their 
regions.  In  intermediate  fields,  there  is  a  transition  of  N  from 
one  constant  value  to  another.  Especially  in  the  case  of 
80-90°C,  the  sign  of  coefficient  changed.  Except  in  weak  field 


0.0  1.0  2.0  3.0  4.0  0.0  1.0  2.0  3.0  4.0 


Magnetic  induction  (Tesla)  Magnetic  induction  (Tesla) 

Fig.  7  :  The  B  dependence  of  the  thermoelectric  power. 

We  suppose  that  the  detected  differences  are  apparently  and  due 
to  the  difference  of  samples'  shape.  We  call  it  geometrical 
contribution.  To  interpret  this  contribution  and  the  inner  state 
of  the  samples,  more  detailed  analysis  and  the  theoretical 
investigation  will  be  proceeded  in  near  future. 

Fig.8  shows  the  dependence  of  thermoelectric  power  on 
magnetic  induction,  which  include  the  measured  and  the 
analytically  derived  data.  The  sign  of  magnetic  induction 
appears  the  direction  to  be  add.  Measured  one  was  not 
symmetric  to  the  direction  of  magnetic  induction.  We  suppose 
this  is  due  to  the  reason  that  the  positions  of  measuring  leads 
had  the  difference  in  the  transverse  direction  to  heat  flux  and 
Nernst  effect  was  detected  slightly.  That  component  is  indicated 
as  the  excluded  p  in  Fig.8.  Because  of  the  similar  mechanism, 
thermoelectric  effect  was  detected  on  the  measurement  of  Nemst 
effect.  That  appeared  as  offset  voltages  apparently,  when 
magnetic  induction  was  equal  to  zero. 
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Fig.  8  :  Measured  a,  analytically  derived  a  and  excluded  (i. 

To  excluded  the  contaminations  on  the  measured  data,  we 
calculate  a  and  P  as  follows  : 


The  propriety  of  these  processes  are  due  to  the  properties  that 
thermoelectric  effect  is  even  to  the  direction  of  magnetic 
induction  and  Nemst  effect  is  odd. 
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Conclusion 

When  the  magnetic  field  is  added  to  the  semiconductor  in  which 
heat  flux  exist,  two  components  of  electric  fields  are  generated 
inside  of  it.  One  is  in  the  origin  of  thermoelectric  effect  and  the 
other  is  Nemst  effect.  The  mixture  of  these  two  effects  generate 
the  geometric  contributions  on  the  measurement  of  physical 
properties  as  we  detected  on  this  measurement  using  "Bridge 
shape"  and  "Fat-Bridge  shape".  This  condition  is  similar  to  the 
measurement  of  the  Hall  effect  [6,7].  When  we  confirm  the 
physical  properties  by  the  measurement,  the  geometric 
contributions  must  be  thought  of.  We  shall  need  to  develop  the 
calculation  code  to  interpret  the  transport  properties  including 
the  heat  and  current  fluxes  in  more  details  and  self-consistently. 
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Abstract 

Linear  deviation  of  concentration  of  excessive  tellurium  in  the 
melt  during  zone  melting  C=C0(l+X/l),  where  Co-start 
concentration  of  tellurium  in  the  load,  X-zone  co-ordinate  on 
the  ingot,  7 -the  length  of  the  melting  zone,  is  used  for 
investigating  the  dependency  of  thermoelectric  qualities  of 
solid  solutions  (Bi,Sb)2Te3  on  chemical  composition 
distributed  along  the  ingot. 

According  to  the  distributed  thermoelectric  parameters 
obtained  in  the  temperature  rang  150-360K,  the  general 
projection  of  solidus  line  was  made,  depicting  tellurium  for 
solid  solutions  (BiySbly)2Te3  around  chemical  composition 
with  the  melting  temperature  close  to  maximum.  There  is 
existing  a  dependency  of  distribution  of  thermoelectric 
parameters  of  solid  solutions  along  the  ingot  on  the  surface 
shape  of  their  solidus. 

Distribution  of  remaining  thermal  conductivity,  obtained  as  a 
result  of  subtraction  of  electron  component,  calculated  on  the 
base  Videman  Frans  law,  from  the  general  one,  calculated 
from  the  Seebeck  coefficient,  figure  of  merit  and  electrical 
conductivity,  depends  on  ratio  of  atom  parts  of  bismuth  and 
antimony  as  well  as  on  excessive  concentration  of  tellurium  in 
the  melt.  For  y>0,5  around  room  temperature,  remaining 
thermal  conductivity  is  abrupt  maximum  corresponding  to  the 
area  of  intrinsic  conductivity  of  the  ingot. 

The  maximum  of  remaining  thermal  conductivity  under 
y=0,7-0,8  and  T=300K  reaches  the  figure  of  6,0x1 0"2  W/K/cm 
when  at  the  same  time  the  contribution  of  ambipole 
component  of  conductivity,  according  to  the  calculations, 
under  this  temperature  is  not  above  6,0x1 0 3  W/K/cm. 

The  most  suitable  mechanism,  which  can  explain  anomaly 
increase  of  thermal  conductivity  in  solid  solutions  with 
chemical  composition  corresponding  to  the  area  where  solidus 
overlaps  with  stoichiometric  cut,  is  transition  of  heat  by 
exitons,  too. 

Introduction 

While  using  solid  state  cooling  in  the  low  temperature  range,  it 
is  a  problem  to  get  the  material  with  the  optimal 
thermoelectric  parameters.  To  get  low  temperature 
thermoelectric  material  one  has  to  reduce  the  concentration  of 
charge  carriers  in  the  material.  The  necessary  concentration  in 
the  most  widely  used  solid  solutions  (Bi,Sb)2Te3  is  achieved 
by  changing  the  concentration  of  tellurium  in  the  melt  used  for 
melting  of  solid  solution. 

While  for  solid  solutions  (Bi,Sb)2Te3,  which  are  rich  with 
antimony  telluride  and  have  p-type  conductivity  this  problem 
has  been  successfully  fixed,  the  search  for  low  temperature 
materials  similar  to  solid  solutions  with  electrical  conductivity 
is  still  a  task  to  work  on. 
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Unlike  the  solid  solutions  enriched  with  antimony  telluride,  it 
is  equally  easy  to  get  solid  solutions  (Bi,Sb)2Te3  enriched  with 
bismuth  telluride  with  hole  conduction  as  well  as  with  electron 
conduction.  At  the  same  time  there  has  not  been  done  enough 
research  to  investigate  if  they  can  be  used  as  low  temperature 
ones.  Meanwhile  these  solid  solutions  (Bi,Sb)2Te3  with  the 
chemical  composition  close  to  stoichiometric  composition  and 
thus  having  low  specific  electric  conductivity,  may  be  of 
interest  from  the  point  of  view  of  their  use  as  low  temperature 
material. 

Specific  thermal  conductivity  of  thermoelectric  material 
together  with  its  electric  conductivity  and  Seebeck  coefficient 
directly  determines  figure  of  merit  of  material. 

That  is  why  the  purpose  of  this  experiment  is  to  investigate  the 
dependency  of  these  parameters  on  the  concentration  of 
charge  carriers  in  a  wide  temperature  range  in  the  above 
mentioned  solid  solutions  close  in  their  composition  to 
stoichiometric  one. 

Method  of  the  Experiment 

Growing  solid  solutions  (single  phased  material)  by  zone 
melting  technique  of  Bi2Te3-Sb2Te3+Te  excessive  tellurium  is 
moved  into  the  melt  by  the  melting  front  because  the 
distribution  coefficient  of  tellurium  is  close  to  zero.  Excessive 
tellurium  concentration  in  the  melt  of  the  zone  depends  on 
coordinate  X  of  the  zone  ingot  [1] 

CC0(1+XA),  (1) 

Where  Cp-  starting  concentration  of  the  excessive  tellurium  in 
the  load,  /  -  length  of  the  melted  zone. 

According  to  (1)  by  the  moment  of  solid  solution  melting  co¬ 
ordinate  X  of  the  zone  corresponds  to  excessive  tellurium 
concentration  in  the  melt. 

Dependency  of  the  tellurium  concentration  in  the  melted  zone 
on  its  coordinate  on  the  ingot  allows  us  to  say  that  there  is 
dependency  between  the  distribution  of  the  thermoelectric 
qualities  along  the  ingot  and  concentration  of  the  tellurium  in 
the  melt.  As  a  result  we  can  investigate  concentration 
dependency  of  thermoelectric  and  thermal  properties  of  the 
solid  solutions  (Bi,Sb)2Te3  using  zone  melted  ingots. 

During  our  investigation  by  method  of  vertical  zone  melting 
we  received  the  ingots  of  solid  solutions  (Bio.8Sbo2)2Te3  and 
(Bio  7Sbo  3)2Te3  with  the  length  of  12  mm  from  the  load  with 
2.5%  of  excessive  tellurium.  The  length  of  the  zone  of  the 
melt  was  2.0  cm.  The  low  speed  of  growing  which  was 
1.0  cm/hour  provided  the  growth  of  single  phased  solid 
solutions  without  any  traces  of  concentration  supercooling. 
The  ingots  were  cut  into  samples  3x3x5  mm  in  such  way  that 
the  5  mm  side  was  oriented  along  the  growth  direction. 
Discreteness  of  the  coordinate  change  along  the  ingot 
5X=5mm  corresponded  to  the  discreteness  of  the 
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concentration  change  of  the  excessive  tellurium  in  the  melt 
which  was  equal  to 

aC=C0'8Ub=  0.62%  (2) 

Excessive  tellurium  concentration  in  the  melt  was  changing  in 
a  very  wide  range  from  2.5%  to  17.5%  (with  t=0  and  /=12  cm 
at  the  beginning  and  the  end  of  the  ingot  accordingly). 

It  is  known  [1]  that  in  solid  solutions  (Bi,Sb)2Te3,  enriched  by 
bismuth  tellurium,  concentration  dependency  of  the  physical 
properties  is  to  some  degree  alike  the  same  dependency  which 
is  a  characteristic  of  bismuth  telluride. 

According  to  data  [2],  chemical  composition  of  the  melt,  from 
which  bismuth  telluride  of  stoichiometric  composition  is 
melted,  is  rich  in  tellurium  and  corresponds  to 
62.5at%Te+37.5at%Bi  (with  excessive  tellurium 
concentration  in  the  melt  6.7%).  This  way,  zone  coordinate 
with  chemical  composition  of  the  melt  from  which  solid 
solution  (Bi,Sb)2Te3  of  stoichiometric  composition  melting 
should  be  expected,  is  located  inside  the  area  of  the  tellurium 
concentration  change  in  the  zone  melt. 


Fig.1.  Seebeck  coefficient  as  a  function  of  co-  ordinate  on  the  ingot  at 
different  temperatures 

— 150  K  — 180  K  — 260  K  -*-300K 
— * —  330  K  — 360K 

In  other  words,  coordinate  on  the  ingot,  at  which  charge 
carrier  sign  inversion  is  observed,  will  be  located  in  the  middle 
part  of  the  ingot.  According  to  formula  (1)  its  meaning  equals 
3.5  cm. 

On  the  samples  the  following  parameters  were  measured: 
figure  of  merit  Z  (by  Harman  method),  specific  electric 
conductivity  a,  and  Seebeck  coefficient  a  in  the  temperature 
range  150-360  K.  Specific  thermal  conductivity  was 
calculated  on  the  basis  of  the  obtained  data  according  to  the 
formula 

K=a2o/Z  (3) 

Metal  graphic  investigation  was  done  according  to  the  usual 
procedure  on  cross  and  linear  sections. 

Investigation  results 

According  to  metal  graphic  examination  all  ingots  of  solid 
solutions  (Bio.gSbo  2)2^3  and  (Bio.7Sb0.3)2Te3  were  single 
phased  excluding  the  end  part  of  the  ingot  with  the  length  of 
15mm,  where  laminated  non-uniform  double  phased  structure 


is  observed.  The  second  phase  insertion  appears  at  the  same 
time  along  the  melting  front,  which  is  a  sign  of  the  beginning 
of  melting  supercooling. 

The  results  of  the  investigation  are  shown  on  example  of  a 
solid  solution  (Bio7Sb0  3)2Te3  because  there  is  no  principal 
difference  between  the  properties  of  solid  solutions 
(Bio8Sb02)2Te3  and  (Bio7Sb0  3)2Te3. 

In  the  beginning  part  of  the  zone  melted  ingots  with  hole 
conduction  and  positive  Seebeck  coefficient  are  observed. 
Seebeck  coefficient  insignificantly  increases  in  the  beginning 
of  the  ingot  under  the  temperature  200K  and  less,  reaches  its 
maximum,  then  abruptly  lowers  at  the  zero  point  and  then 


Fig.2.  Specific  conductivity  as  a  function  of  co-  ordinate  on  the  ingot  at 
different  temperatures 


— <►—  150  K  — 180  K  -*-260  K  — X — 300  K  — * — 330  K 

changes  its  sign.  The  change  of  the  sign  occurs  within  the 
5  mm  length  at  the  point  distanced  for  3.0  cm  from  the 
beginning  of  the  ingot  (Fig.  1). 

Fig.2  shows  the  distribution  on  the  ingot  of  electrical 
conductivity,  measured  in  the  process  of  measuring  the  figure 
of  merit,  on  the  same  samples  where  Seebeck  coefficient  was 
measured  at  different  temperatures.  The  graphs  of  electrical 
conductivity  look  like  broken  lines  with  the  break  coordinate 
corresponding  to  electrical  conductivity  of  the  sample  -  the 
coordinate  of  the  inversion  of  hole-type  conduction  into 
electron  one.  The  incline  angle  of  the  broken  lines  to  the 
abscissa  axis  in  hole  conduction  area  on  the  ingot  is  much 
bigger  than  in  electron  area  under  low  temperature.  With  the 


Fig.  3.  Figure  of  merit  as  a  function  of  co-ordinate  on  the  ingot  at 
different  temperatures 


— ♦—  150  K  -»-180K  — *— 260K  -*-300K 
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temperature  increase  the  incline  angle  decreases. 

Figure  of  merit  along  the  ingot  (Fig.3)  decreases  in  the  hole 
area  of  the  ingot,  turns  into  zero  at  the  point  of  Seebeck 
coefficient  sign  inversion  and  then  increases  again  in  the  ingot 
area  with  electron  conductivity.  Figure  of  merit  of  solid 
solution  with  electron  conductivity  is  lower  than  one  with  hole 
conductivity.  In  the  ingot  part  close  to  intrinsic  conductivity, 
figure  of  merit  of  the  sample  increases  with  the  temperature 
decrease. 

Fig.4  shows  specific  thermal  conductivity  distribution  along 
the  zone  melted  solid  solution  (Bio.7Sb0  3)2Te3,  drawn 
according  to  the  points  calculated  by  formula  (1)  by 
subtraction  from  there  an  electron  component  on  the  basis  of 
Videmann-Frans  law  under  the  supposition  that  degeneration 
is  not  present.  The  same  picture  shows  for  comparison 
remaining  thermal  conductivity  distribution  under  the 
temperature  300  K  along  the  ingot  of  solid  solution 
(Bio  sSb0  2)2Te3.  Under  X=3.0  cm  it  is  impossible  to  calculate 
thermal  conductivity  precisely  enough  because  of  the  very  low 
figure  of  merit  and  Seebeck  coefficient  even  though  specific 
conductivity  is  relatively  high.  Nevertheless  an  obvious 
maximum  is  observed  on  the  broken  lines  of  thermal 
conductivity  distribution.  It  reaches  0.06  W/K/cm  under  the 
temperature  300K. 

Fig.  5  shows  temperature  dependency  of  Seebeck  coefficient, 
presented  in  a  semi  logarithmic  scale  for  the  samples  cut  out 


X,  cm 

Fig.4.  Remaining  thermal  conduction  as  a  function  of  co-ordinate  on  tne 
ingot  at  different  temperatures 


- » - 150K 

- * - 260  K 

- X - 330  K 

30DK,  (Bi08Sb02)2Te3 

of  the  ingot  with  hole,  intrinsic  and  electron  conductivity. 
Under  low  temperatures  there  is  linear  part  on  the  curves  of 
the  temperature  dependency. 

The  incline  angle  of  linear  parts  to  temperature  axis  varies  for 
different  samples.  In  hole  area  of  the  ingot  samples  are  more 
distanced  from  the  inversion  point,  their  incline  angle  is 
smaller  that  other  areas.  Incline  angle  of  linear  part  of  the 
curve  to  abscissa  axis  increases  from  150  to  190  pV/K  with 
the  increase  of  sample  coordinate.  In  the  ingot  part  with 
electron  type  of  conductivity  incline  angle  of  Seebeck 
coefficient  curve  practically  does  not  depend  on  sample 


Fig.  5.  Seebeck  coefficient  as  a  function  of  temperature  for  InT 
specimens  cut  out  from  different  parts  of  the  ingot 


-4- 05 cm  — l_5an  —♦—25cm  3L5an  -*-4cm— «-45an  -*-55 cm 

coordinate  on  the  ingot  and  remains  equal  to  146  pV/K.  At 
the  same  time  in  samples  with  electron  conductivity  cut  out  of 
the  part  of  the  ingot  close  to  inversion  point,  maximum  of 
Seebeck  coefficient  is  observed  under  the  temperature  closed 
to  150  K.  That  is  why  in  the  temperature  range,  which  was 
investigated  there  is  no  Seebeck  coefficient  increase  on  the 
temperature  dependency  curves. 

Dependency  indices  of  specific  conductivity  on  the 
temperature  as  well  as  incline  angle  of  the  curves  to  the 
abscissa  axis,  depend  on  the  coordinate  of  the  sample  on  the 
ingot.  It’s  also  important  that  distribution  character  for  the 
exponent  meaning  along  the  ingot  is  the  same  as  for  the 
distribution  of  the  Seebeck  coefficient  incline  angle  to  the 
abscissa  axis  (Fig.  6). 

Discussion  of  the  Results  of  the  Experiment 

The  most  interesting  feet  is  the  presence  of  the  abrupt 
maximum  on  the  remaining  thermal  conductivity  distribution 
curve  along  the  zone-melted  ingots.  With  X=3.2  cm  in  the 
melt  of  the  zone  excessive  tellurium  concentration  compared 
to  stoichiometric  composite  equals  6.62%  or  62.54  at%Te 


Fig.  6.  Conductivity  a  function  of  temperature  for  specimens  cut  out  from 
different  parts  of  the  ingot 

— t— 05  cm  — *— 15  cm  —25  cm  —-35  cm  ——4  cm 
-—45  cm  —  55  cm 

using  absolute  proportions.  Bismuth  telluride  with  intrinsic 
conduction  [2]  was  obtained  from  the  melt  containing 
62.5at%Te  which  almost  precisely  coincides  with  the 
meanings  received  during  this  investigation  for  solid  solutions 
of  bismuth  telluride  and  antimony  telluride,  enriched  with 
bismuth  telluride.  This  means  that  tellurium  concentration  of 
62.5at%Te  in  the  melt  may  be  considered  as  invariant  to  the 


— — 180  K 

M - 300  K 

-0 -  360  K 


161 


16th  International  Conference  on  Thermoelectrics  (1997) 


change  of  the  antimony  tellmide  concentration  in  solid 
solutions  (BiySb1.y)2Te3  at  least  for  y=0-0.3  under  which 
materials  with  intrinsic  conduction  are  grown  from  the  melt.  It 
is  necessary  to  mention  that  the  melt  with  the  same  tellurium 
concentration  is  used  for  solid  solutions  (BiySb1„y)2Te3 
melting  for  y=0. 2-0.5  with  the  hole  conduction  where 
transition  to  retrograde  dissolution  from  regular  one  is 
observed  on  solidus  line[3] . 

The  difference  in  line  angle  slope  of  hole  and  electron 
conduction  of  solid  solutions  due  to  different  of  doping  atom 
sort:  anti-structure  tellurium  is  donor  and  it  gives  2/5 
electrons.  Anti-structure  bismuth  is  acceptor  and  it  gives  3/5 
holes  (Fig.  2)  as  it  is  known  well].  Therefore,  the  distributions 
of  conductivity  along  the  ingot  confirm  the  chosen  method  of 
investigation  is  correct  one.  The  dependencies  of  Seebeck 
coefficient  against  temperature  and  also  conductivity  (Fig.  5 
and  6)  show  preferably  intrinsic  conduction  of  searched  solid 
solutions  in  whole  temperature  region,  if  co-ordinate  of 
specimen  on  the  ingot  is  in  the  region  from  3.0  to  4.0  cm. 

The  value  of  remaining  thermal  conductivity  of  solid  solutions 
(B^  7Sb0  3)2Te3  as  well  as  (Bio.8Sb0  2)2Te3  which  also  includes 
lattice  component,  in  the  area  of  chemical  composites  with 
impurity  conduction  corresponds  to  the  values  known  for 
these  solid  solutions.  Ambipole  diffusion  contribution  into 
thermal  conductivity,  calculated  by  [4]  and  with  the  energy 
gap  0. 13  eV,  is  not  more  than  0,006  W/K/cm. 

Independent  of  ambipole  diffusion,  non-uniform  distribution 
of  the  components  that  occurs  as  a  result  of  dendrite  growth 
also  contributes  to  thermal  conductivity  and  creates  eddy 
currents.  Eddy  currents  are  directly  involved  in  heat 
transmission  and  increases  thermal  conductivity  of  the 
thermoelectric  material. 

In  the  area  where  impurity  conductivity  prevails,  concentrated 
non-uniformity  does  not  influence  thermal  conductivity  too 
much  because  the  difference  between  Seebeck  coefficients  of 
non-uniform  neighboring  parts  of  the  ingot  is  not  big.  In  the 
part  of  the  ingot  near  to  the  area  with  intrinsic  conduction,  sub 
areas  with  hole  and  electron  conduction  can  be  close  to  each 
other.  Seebeck  coefficient  values  in  this  case  can  be 
comparable  and  the  contribution  to  the  thermal  conductivity  of 
eddy  currents  occurring  in  such  non-uniform  media  can  be 
significant.  Under  the  temperature  30  OK  for  example  specific 
electrical  conductivity  of  the  part  of  the  ingot  of  solid  solution 
(Bio  7Sb0  3)2Te3  equals  approximately  80  Ohm'1  cm'1  Fig.  3  and 
Seebeck  coefficient  140jnV/K.  Then  electron  conductivity 
component  contribution  will  be  equal  approximately  to  0.006 
W/K/cm,  due  to  non-uniform  distribution  of  components 
around  intrinsic  conduction.  Because  the  mechanisms  of  heat 
transmission  by  ambipole  diffusion  and  eddy  currents  are 
independent,  their  joint  contribution  to  thermal  conductivity  is 
not  more  than  0.012Wt/K/cm.  Thermal  conductivity  of  the 
samples  in  the  maximum  of  distribution  curve  in  the  ingot  is 
higher  than  the  calculated  one.  This  brings  us  to  a  conclusion 
that  there  could  possibly  be  additional  ways  of  heat 
transmission  in  the  solid  solutions  under  the  investigation, 
exiton  way  could  be  one. 

It  is  necessary  to  mention  that  the  change  of  thermal 
conductivity  depending  on  molar  part  of  bismuth  telluride  in 
Bi2Te3-Sb2Te3  alloys,  which  were  received  by  zone  melting, 
was  also  observed  in  [5].  It  was  pointed  out  that  with  molar 


parts  of  bismuth  telluride  and  antimony  telluride  1:1,  thermal 
conductivity  had  the  maximum  value.  The  sign  inversion  of 
the  conduction  type  took  place.  At  the  same  time  in  our 
investigation  the  maximum  value  of  thermal  conductivity  is 
significantly  higher  which  may  be  a  result  of  less  discreteness 
of  chemical  composite  from  sample  to  sample  which  was 
achieved  during  our  investigation. 

In  hole  conduction  solid  solutions  around  the  ingot  part  with 
intrinsic  conduction,  maximum  figure  of  merit  reaches  the 
point  of  3.2  10'3  K1  under  low  temperatures  and  is  comparable 
to  the  figure  of  merit  of  traditional  thermoelectric  material  at 
room  temperature.  The  figure  of  merit  of  solid  solutions  with 
electron  conduction  is  approximately  2.510‘3K'1  at 
temperature  150-170K.  Taking  into  consideration  that  specific 
conductivity  maximum  is  in  the  ingot  part  where  electron 
conduction  prevails,  it  is  possible  that  electron-hole  interaction 
occurs  which  leads  to  the  increase  of  thermal  conductivity  and 
that  it  reaches  the  maximum  when  the  electron  concentration 
is  the  lowest.  Such  interaction  does  not  allow  us  to  receive 
material  of  electron  conduction  with  high  figure  of  merit  under 
low  temperatures.  Nevertheless,  even  the  figure  of  merit  of 
solid  solutions  (Bio.7Sb0  3)2Te3  of  electron  conduction  under 
the  temperature  1 50- 1 70  K  is  higher  than  the  figure  of  merit  of 
the  material  with  electron  conduction  of  traditional  composite 
Bi2(Te0  9Se0 1)3. 

Summery 

1.  In  solid  solutions  (Bi07Sb03)2Te3  and  (Bio.8Sb0.2)2Te3 
obtained  as  a  result  of  zone  melting,  sign  inversion  of  the 
charge  carriers  is  observed  when  tellurium  concentration  in 
the  melt  equals  62.5at% 

2.  Solid  solutions  (BiySbKy)2Te3  with  y=O.7-0.8  of 
stoichiometric  composition  with  intrinsic  conductivity  have 
maximum  thermal  conductivity  due  to  ambipole  diffusion, 
non-unifoim  components  distribution  and  exiton  excitation. 

3.  Solid  solutions  (Bio.7Sb0.3)2Te3  and  (Bi0.8Sbo.2)2Te3  with  hole 
conduction  have  maximum  figure  of  merit  under  the 
temperature  T=150-180  K  and  it  reaches  3.210"3K'1. 

4.  Maximum  figure  of  merit  of  solid  solutions  (BiySb1_y)2Te3 
with  y^0. 7-0.8  with  electron  conduction  under  the 
investigation  reaches  the  value  of  2,510'3K_1  under  the 
temperature  150-180K. 
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Abstract : 

(Bi2Te3)o.9(Bi2Se3)o.l  for  N  type  material  powder 
and  (Bi2Te3)o.25(Sb2Te3)o.75  for  p  ^1*  material  powder 
were  evaporated  by  flash  evaporation  technique.  We  obtained 
a  value  of  Z  equal  to  0.21x10”  K”  for  a  =  40  apd  p  = 
50  pI2.m  for  P  type  material  and  Z  about  0.17x10  K  fora 
=  90  pV/K  and  p  =  30  p£lm  for  N  type  material  (at  300K), 
for  1  pm  layers  thickness  deposited  over  polyimide  substrate, 
before  annealing.  We  show  that  after  annealing  at  250°C 
under  He  atmosphere,  |he  figure  of  merit  of  the  layers 
increases  to  Z  =  3.2x10  K  for  a  =  240  pV/JC  and  p  =  12 
pQ.m  for  P  type  material  and  Z  =  1.6x10  K  for  a  =  200 
pV/K  and  p  =  15  pD.m  for  N  type  material  (at  300K).  With 
these  fabrication  parameters  we  realised  three  different 
structures  of  Micro-Module  Peltier  (MMP)  junction  and  we 
obtained  a  maximum  value  for  temperature  drop  between  hot 
and  cold  sides  of  about  3.4  K.  This  result  is  very  promising  in 
order  to  develop  Micro-Module  Peltier  (MMP). 

Introduction  : 

At  present,  V2-VI3  compounds  provide  the  best 
materials  for  thermoelectric  cooling  between  400K  to  200K  : 
particularly  (Bi2Te3-Bi2Se3)  alloys  for  N  type  material  and 
(Bi2Te3-Sb2Te3)  alloys  for  P  type  material  because  of  their 
high  values  of  the  thermoelectric  figure  of  merit  Z  reaching  a 
maximum  value  of  3.3x10  K  [1-2]. 

Therefore,  with  increasing  interest  in  thin  film  thermoelectric 
devices  (sensors  area),  attempts  were  made  in  regard  to 
deposition  and  investigation  of  (Bi2Te3-Sb2Te3)  and 
(Bi2Te3-Bi2Se3)  alloys.  Using  several  deposition  techniques 
[2-3-4-5-6],  layers  were  grown  on  various  substrates  as  SiC>2 
[2],  mica  [8]  or  polyimide  [7-11]. 

However,  except  Kim  and  al.  [3]  every  deposited  layers  were 
(Bi2Te3-Sb2Te3)  alloys  (P  type  material).  So  the  study  of 
(Bi2Te3-Bi2Se3)  (N  type  material)  thin  layers  deposition  is 
very  interesting  in  the  aim  of  P-N  junction  realisation  for 
high  performance  thermoelectric  modules. 

In  this  work,  we  study  flash  evaporated  thin  films  of  (Bi2Te3- 
Bi2Se3)  and  (Bi2Te3-Sb2Te3)  alloys  before  and  after 
annealing.  In  fact  it  is  well  known  that  the  thermoelectric 
properties  of  these  materials  layers  strongly  depend  on 
annealing  processes  [2-9].  In  order  to  investigate 
performance  of  ours  flash  evaporated  layers,  we  elaborated 
three  different  structures  of  MMP,  the  realisation  of  a  little 
size  Peltier  module  being  a  very  important  challenge  in 
elaboration  of  news  sensors  concepts  [3-11-12]. 


Experimental  details: 

Prior  to  the  beginning  of  this  study,  it  was 
determined  that  alloy  compositions  of 
(Bi2Te3)o.9(Bi2Se3)0.1  for  N  type  and 
(Bi2Te3)o.25(Sb2Te3)o,75  for  P  type  provided  deposited 
layers  having  high  figures  of  merit. 

The  evaporated  materials  (Bi2Te3)o.9(Bi2Se3)o.  1  for  N  type 
or  (Bi2Te3)o.25(Sb2Te3)o.75  for  P  type,  were  prepared  by 
mixing  pure  elements  of  5N  Bi,  Sb,  Te,  Se  in  stoichiometric 
proportions  in  sealed  quartz  tube,  which  was  maintained  in  a 
H2  atmosphere  at  pressure  of  1  Pa.  To  adjust  the  carrier 
concentration  of  the  N  type  material  we  used  SW3  and  an 
excess  of  tellurium  for  P  type  material.  The  quartz  tube  was 
placed  in  a  furnace  and  held  at  800°C  for  24  hours  to  make 
complete  alloying.  Then  it  was  quenched  to  room 
temperature.  Electron-probe  micro-analysis  was  used  to 
investigate  the  formation  of  homogenous  and  stoichiometric 
material.  The  ingots  were  crushed  to  powders.  The  flash 
evaporation  technique  was  chosen  for  growing  layers  because 
this  method  allows  the  deposition  of  several  elements  which 
exhibit  different  vapour  pressures. 

To  optimise  the  deposition  parameters,  experiments  were 
carried  out.  We  investigated  the  influence  of  the  powder 
grains  size,  crucible  temperature  and  substrate  temperature 
on  stoichiometric  films  composition,  crystallisation,  kinetic 
growth,  electron-probe  micro-analysis,  X-ray  diffraction. 
Thermoelectric  properties,  Seebeck  coefficient  and  electrical 
resistivity  of  layers,  were  measured  respectively  by  a  constant 
temperature  gradient  method  and  4  probes  method. 

To  improve  the  thermoelectric  properties  of  these  layers  we 
operated  annealing  under  He  atmosphere,  time  and 
temperature  of  annealing  depend  on  type  material. 

By  using  suitable  masks,  the  polyimide  substrate  (MMP 
support)  are  successively  coated  with  the  N-material, 
followed  by  annealing  at  250°C  for  100  mn,  then  P-material 
and  an  other  annealing  at  250°C  for  100  mn,  then  the 
contacts  were  deposited  by  electron-beam  evaporation  of  500 
nm  of  Ni  followed  by  1  pm  of  Cu,  and  finally  the  last 
annealing  of  the  structure  at  250°C  for  15  mn. 

Results : 

Ptype layers  ((Bi2Tes)0.25(^2Te3)0.75 )  •' 

Unannealed  flash-evaporated  of  (Bi2Te3)o.25(Sb2Te3)o.75 
layers  showed  unsatisfactively  low  values  of  thermoelectric 
properties :  a  =  40  pV/K  and  p  =  50  pfi.m  and  so  Z  = 
0.21.10"^  K”1  at  300  K.  Therefore  the  annealing  procedure 
was  used  to  improve  these  properties.  In  figure  1  we  show  the 
evolution  of  the  Seebeck  coefficient  versus  the  annealing  time 
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at  250°C  and  under  He  atmosphere  for  two  different 
thickness  of  layers.  After  100  mn.  whatever  the  thickness  of 
the  films  there  is  no  significant  increasing  of  a. 


Annealing  time  (mn) 

Figure  1  :  Variation  of  the  Seebeck  coefficient,  a,  for 
(Bi2Te3)o.25(Sb2Te3)o.75  layers  versus 
annealing  time,  at  250°C  and  under  He 
atmosphere. 

For  the  electrical  resistivity,  p,  (figure  2)  we  observed  an 
important  decreasing  of  p  versus  the  annealing  time,  and 
after  100  mn  there  is  a  stabilisation  of  p.  However,  the 
thinner  layer  (1  pm)  presents  a  better  p  than  the  more  thick 
(10  pm).  It  is  very  difficult  to  compare  these  results  with 
these  of  others  authors  because  our  annealing  atmosphere 
(He)  and  temperature  annealing  were  different  from  these 
used  in  literature.  However,  the  Seebeck  parameter  and 
resistivity  variations  versus  annealing  time  present  the  same 
aspect  as  these  found  by  Volklein  and  al.  [2], 


Annealing  time  (mn) 

Figure  2  :  Variation  of  electrical  resistivity,  p,  for 
(Bi2Te3)o.25(Sb2Te3)o.75  layers  versus 
annealing  time,  at  250°C  and  under  He 
atmosphere. 

Ntype  layers  ( (Bi2  Te$  o.  9(Bi2Se3)  o.  1  )  : 

Unannealed  flash-evaporated  (Bi2Te3)o.9(Bi2Se3)o.l  layers 
showed  thermoelectric  properties  better  than  as  grown  P  typ^ 
films,  a  =  90  pV/K  and  p  =  30  pfi.m  and  so  Z  =  0. 17x10 
.K  at  300  K.  However,  an  annealing  at  250°C  improves 
these  thermoelectric  properties  as  shown  in  figure  3  and 
figure  4  for  a  and  p  respectively.  Moreover,  the  variation  of 


a  versus  the  annealing  time  showed  the  same  profile  that  for 
the  P  type  material,  but  we  observed  a  stabilisation  of  the 
Seebeck  coefficient  at  a  smaller  temperature  of  about  60  mn. 
For  the  variation  of  the  electrical  resistivity  versus  the 
annealing  time  we  had  the  same  evolution  for  P  type  but  the 
stabilisation  of  p  is  reached  for  annealing  time  longer  than  60 
mn.  Only  one  author  [3]  reports  on  the  annealing  of 
((Bi2Te3)o.9(Bi2Se3)o.l)  flash-evaporated  N  type  layers,  but 
anyone  have  made  such  studies  on  the  variation  of  Seebeck 
coefficient  and  resistivity  versus  annealing  time  or 
temperature. 


0  15  30  45  60  75  90  105  120  135  150  165 

Annealing  time  (mn) 

Figure  3  :  Variation  of  the  Seebeck  coefficient,  a,  for 
(Bi2Te3)o.9(Bi2Se3)o.l  layers  versus 
annealing  time,  at  250°C  and  under  He 
atmosphere. 
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Annealing  time  (mn) 

Figure  4  :  Variation  of  electrical  resistivity,  p,  for 
(Bi2Te3)o.9(Bi2Se3)o.l  layers  versus 
annealing  time,  at  250°C  and  under  He 
atmosphere. 

Micro-Module  Peltier  (MMP)  characterisation  : 

Three  different  structure  of  MMP  were  investigated.  These 
MMP  had  the  same  thickness  and  physical  properties  because 
they  were  made  in  the  same  run  for  each  step  of  the  process 
fabrication  (table  1).  The  detail  of  the  MMP  geometric 
structure  is  given  in  figure-5. 

The  electrical  and  geometrical  characteristics  of  each  MMP 
are  listed  in  table  3.  MMP1  and  MMP3  present  almost  the 
same  value  of  contact  resistance  about  5.10"3  Q.cm2  which  is 
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MMP  FABRICATION 

Steps  fabrication  process  of  the  MMP  *1 

1 

N  type 
layer 

2 

Annealing 
ofN  type 
layer 

3 

P  type 
layer 

4 

Annealing 
of  P  type 
layer 

5 

contact 

layer 

6 

contactlaye 

r 

7 

Annealing  of 
contacts 

Flash 
deposition 
parameters 
for  MMP 
fabrication 

g(pm) 

powder  grains 
size 

160<g<250 

160<g<250 

k(nm.s-') 
growth  kinetic 

2 

3 

ii#" 

Tc(K) 

crucible 

temperature 

1123 

1073 

%; 

Ts(K) 

substrate 

temperature 

473 

373 

Mg 

mu 

Annealing 
under  He 
atmosphere 

time  (mn) 

100 

130 

15 

250 

.  *' 

250 

250 

Electron 

beam 

evaporation 

0.5 

BUKll  .'.HR  ’ 

mSM 

1 

Table  1:  Fabrication  parameters  for  the  MMP  realised  by  flash  evaporation. 


in  good  agreement  with  the  literature  for  this  kind  of 
metal/semiconductor  contact  [10],  The  detail  of  the  MMP 
geometric  structure  is  given  in  figure-5. 


active  P  layer 


Figure  5 :  Schematic  drawing  of  a  MMP  structure 

The  electrical  and  geometrical  characteristics  of  each 
MMP  are  listed  in  table  2.  MMP1  and  MMP3  present 
almost  the  same  value  of  contact  resistance  about  5.1  O'3 
flcm2  which  is  in  good  agreement  with  the  literature  for 
this  kind  of  metal/semiconductor  contact  [10], 

However  for  the  MMP4,  which  has  the  longer  legs  (1000 
pm)  for  P  and  N  type  material,  we  think  that  the  calculated 
resistance,  Rcal,  is  not  a  significant  result.  As  a  matter  of 
fact,  more  the  legs  are  long  more  they  are  sensitive  to  the 


kapton  substrate  deformation  which  can  involve  micro¬ 
fissures  and  then  resistivity  deterioration  of  the  actives  legs 
(P  and  N). 

Figure  6  shows  the  variation  of  temperature  difference 
between  hot  and  cold  sides  produced  by  Peltier  effect  as 
function  of  input  current  for  each  MMP  sample.  The 
maximum  temperature  difference  obtained  was  3.4  K  for 
the  MMP4  structure  for  an  input  current  of  14.2  mA. 


Figure  6  :  Temperature  difference  between  hot  and  cold 
sides  produced  by  Peltier  effect  versus  the 
input  current. 


Conclusion : 

In  this  work  we  have  shown  that  after  annealing 
(respectively  130  mn  and  100  mn  for  P  and  N  type,  at 
250°C  under  He  atmosphere)  ^the  figure  of  merit  of  the 
layers  increases  to  Z  =  3.2x10  K  for  a  =  240  and 
p  =  12  pQ.m  for  P  type  material  and  Z  =  1 .6x10  K  for 
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N° 

of  MMP 
structure 

e(jim) 
thickness 
of  active 
layers 

L  (pm) 
length  of 
active  N 
or  P layer 

p  (pQ.m) 
experimental 
resistivity  of 
P  type  layer 

p  (pQ.m) 
experimental 
resistivity  of 
N  type  layer 

Rexp(P) 
experimental 
resistance 
of  MMP 

Rc(Q) 

contact 

resistance 

(Q) 

a  (pV.K’1) 
experimental 
Seebeck  coefficient 
of  N  type  layer 

a  (|iV.K'') 
experimental 
Seebeck  coefficient 
of  P  type  layer 

MMPl 

20 

100 

12 

15 

3.36 

2.75 

200 

240 

MMP3 

20 

500 

12 

15 

6.3 

3.57 

200 

240 

MMP4 

20 

1000 

12 

15 

15.32 

9.92 

200 

240 

Table  2  :  Thermoelectric  and  geometrical  characteristics  of  each  MMP  structure. 


a  =  200  (J.V/K  and  p  =  15  |iQ.m  for  N  type  material  (at  300 
K).  With  these  fabrication  parameters  we  realised  three 
different  structures  of  MMP  and  we  obtained  a  maximum 
value  for  temperature  drop  between  hot  and  cold  sides  of 
about  3.4K. 

This  kind  of  MMP  structure  offers  a  very  wide  domain  of 
possible  applications,  like  humidity  sensor  or  thermopile. 


These  first  results  are  very  promising  because  large 
possibility  of  improvements  of  the  MMP  structures.  Actually 
we  study  the  optimisation  of  the  legs  geometric  to  increase 
the  Peltier  effect  and  to  decrease  the  Joule  effect.  The 
improvement  of  contact  resistance  is  also  analysed. 
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Abstract 

The  growth  of  Bi2Te3  thin  films  by  metal  organic 
chemical  vapor  deposition  (MOCVD)  using 
diethytellurium  and  trimethylbismuth  as  tellurium  and 
bismuth  sources  respectively  is  investigated  on  pyrex 
substrate.  The  results  of  growth  rate,  morphology, 
electrical  and  thermoelectrical  properties  as  a  function 
of  growth  parameters  are  given.  The  prepared  films 
were  always  n-type. 

Film  properties,  such  as  electrical  resistivity,  mobility, 
carrier  concentration,  thermoelectric  power  and  X-ray 
diffraction  were  studied  at  300  K.  Increasing  WV 
ratio  was  found  to  reduce  the  electrical  resistivity  to 
12  pQ.m.  Hall  mobility  varies  from  28  and 
2 

150cm  /V.s.  The  figure-of-merit  obtained  was 
-3  -1 

Z  =  2.48  xlO  K  .  These  initial  results  suggest  a 
significant  potential  of  MOCVD  growth  for  large  scale 
production  of  thermoelectric  material. 

Introduction 

Until  now  the  best  material  for  thermoelectric 
applications  at  room  temperature  were  Bi2Te3  and  its 
alloys  with  Sb2Te3  and  Bi2Se3.  They  are  narrow 
bandgap  semiconductors  with  layered  structure.  The 
interest  of  thin  films  is  their  potential  to  be  used  in  the 
micro-fabrication  of  integrated  thermoelectric  devices 
such  as  sensors. 

Thin  films  of  Bi2Te3  have  already  been  elaborated  by 
several  methods :  sputtering  deposition  [1-2],  co¬ 
evaporation  of  the  elements  [3],  flash  evaporation 
[4-6],  molecular  beam  epitaxy  [7-8]  and  metal  organic 
chemical  vapor  deposition  system  using 
Dimethvltelluride  (DMTe)  [9]  and  Diisopropyltelluride 
(DiPTe)  [10]  as  tellurium  source.  But  not  work  has 
been  reported  on  Bi2Te3  thin  films  prepared  by 
MOCVD  process  using  DETe  as  tellurium  sources. 

The  properties  of  thin  films  of  Bi2Te3  have  been 
investigated  by  many  authors.  George  and  Bradeep 
[11]  have  reported  the  electrical  properties  of  Bi2Te3 
thin  films.  The  effect  of  the  film  thickness  and 
deposition  temperature  on  thermoelectric  power  and 
resistivity  of  Bi2Te3  thin  films,  prepared  by  vacuum 
evaporation  on  glass  substrates  is  reported  by 
Damadora  et  al.  [12],  Francombe’s  work  [13]  on  films 
obtained  by  dc  sputtering  from  a  Bi2Te3  cathode  on 


glass  substrates  indicates  a  metastable  single  phase 
characterized  by  a  composition  that  ranges  from 
Bi2Te3  to  approximately  BiTe,  depending  on  the 
substrate  temperature  during  growth. 

In  the  present  paper,  morphology,  growth  rate, 
electrical  and  thermoelectrical  properties  of  n-type 
Bi2Te3  are  described  in  relationship  with  the  growth 
parameters. 

Experimental 

Epitaxial  films  of  Bi2Te3  were  growth  by  MOCVD  on 
pyrex  substrate,  the  precursors  for  Bi  and  Te  were 
Trimethylbismuth  and  Diethyltelluride  respectively. 
The  experiments  were  performed  in  a  horizontal 
reactor  [14]  at  atmospheric  pressure.  The  carrier  gas 
was  H2  with  a  flow  rate  equal  to  6  slm.  The  growth 
temperature  are  kept  at  450  °C  for  all  the  runs.  The 
WV  ratio  (RWV  =  P  DETe  /  P  TMBi  )  varied 
between  4  to  15.  In  our  case,  when  the  WV  ratio 
varies,  the  pressure  and  flow  of  V  elements  were  kept 

-4  3 

constant  and  equal  to  0.5x10  atm  and  18.4  cm  Ann 
respectively. 

The  V  and  W  group  gases  are  kept  separate  until  the 
reactor  head.  To  avoid  the  possibility  of  any  pre¬ 
reaction,  the  TMBi  and  DETe  source  were  maintained 
at  5  °C  and  20  °C  respectively. 

The  film  thickness  was  measured  by  stylus  profiling  at 

several  points  (a-step,  1%  accurancy). 

X-ray  diffraction  studies  were  carried  out  with  copper 
Ka  radiation  (  X  =  1.54051  A  ).  Seebeck  coefficients 
were  calculated  from  measurement  of  electromotive 
force  with  temperature  difference.  The  electrical 
resistivity  and  Hall  effect  measurements  were 
performed  by  Van  Der-  Pauw  method  at  300  K. 

Results  and  discussion 

Tablel  gives  the  standard  values  of  the  X-ray  powder 
data  given  by  Francombe  [13]  along  with  the  data 
obtained  in  the  present  work.  From  this  table,  it  is 
clear  that  the  present  film  contains  only  Bi2Te.  We 
observed  that  the  crystalline  orientation  of  the  films  is 
independent  on  WV  ratio  at  fixed  substrate 
temperature  T  =  450  °C. 

Figure  1  shows  the  X-ray  diffractogram  of  typical 
bismuth  telluride  film. 
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The  intense  and  thin  lines  are  observed  for  the 
(0001)  planes  (  1  =  6,15,18).  The  additional  lines 
indicate  many  different  orientations. 


Standard  pattern 

_ [13] _ 

Deposited  layer 

hkil* 

d(A) 

I/I0 

d(A) 

I/Io 

006 

5.078 

8 

5.012 

98 

105 

3.220 

100 

3.192 

17 

0015 

2.032 

40 

2.017 

100 

0018 

1.694 

5 

1.685 

21 

2010 

1.610 

16 

1.605 

11 

Table  1  :  X-ray  diffraction  data  for  Bi2Te3  thin  film 
grown  by  MOCVD  and  standard  pattern  (*  the  hkil 
indices  are  refereed  to  hexagonal  structure  cell). 

The  lattice  parameters  deduced  from  the  diffraction 
angle  are : 

a  =  4.34  A  and  c  =  30.25  A 
these  values  are  closed  ^  to  those  reported  for  bulk 
Bi2Te3  films  ( a  =  4.38  A  and  c  =  30.48  A). 

The  experimental  data  of  EDS  analysis  indicate  that 
the  stoichiometry  of  Bi2Te3  epiaxial  films  is 
essentially  constant  for  all  thicknesses  and  whatever 
the  growth  parameters 


Figure  1  :  X-ray  diffractogram  of  a  Bi2Te3  layer. 

For  our  experimental  conditions,  the  same 
morphology  were  observed  for  different  VW  ratio  at 
substrate  temperature  equal  to  450°C.  The  SEM 
micrograph  (  figure  2)  show  typical  morphology  of 
Bi2Te3  layers  which  correspond  to  the  several 
crystallites  with  hexagonal  oriented  such  as  their  c- 
axis  are  perpendicular  to  substrate  plane. 

Then  the  influence  of  VW  ratio  on  the  growth  rate 
of  n-type  Bi2Te3  thin  films  deposited  on  pyrex 
substrate  was  studied.  First  of  all,  we  found  that  the 
growth  rate  is  quite  constant  in  the  study  range  of  the 


VW  ratio  and  it  is  equal  to  1.2  pm  per  hour.  The 
growth  rate  versus  Ryw  is  shown  in  figure  3. 


Figure  2  :  Surface  morphology  of  Bi2Te3 
films  (1  cm  =  20pm ). 


These  mobilities  and  seebeck  coefficient  are  two  to 
three  times  higher  than  those  reported  in  our 
previous  work  [9]  with  DMTe  precursor.  The  high 
values  of  p,  N  and  a  are  clearly  due  to  a  better 
crystallinity  because  of  a  high  cracking  efficiency  for 
DETe  source. 

The  Hall  effect  was  measured  at  room  temperature. 
The  produced  films  always  have  n-type  conduction, 
dependent  on  the  growth  parameters  and  principally 
of  the  VI  /V  ratio.  We  can  explain  easily  the  role  of 
the  VI  N  ratio :  the  excess  of  tellurium  present  in 
the  vapour  phase  compensated  the  losses  of  this  one 
in  the  material  during  the  growth. 


Figure  3  :  Growth  rate  versus  VW  ratio. 

Table  2  presents  the  electrical  and  thermoelectrical 
properties  of  the  layers  grown  under  optimal 
conditions  using  DMTe  [9]  and  DETe  as  tellurium 
sources. 
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DETe 

DMTe  [9] 

p  (cm2  /V.S) 

117 

50 

N  (cm  ■*) 

19 

4.50  x  10 

19 

1.6  xlO 

a  (pV/K) 

-210 

-94 

Z  (K1) 

2.48  xlO"3 

-4 

5  xlO 

Table  2 :  Influence  of  organometallics  sources  on 
electrical  and  thermoelectrical  properties  of  Bi2Te3 
thin  films  at  T  =  450  °C  and  R  =  7. 


Figure  4  :  WV  ratio  dependence  on  mobility. 

The  behaviour  of  Hall  mobility  as  a  function  of  the 
ratio  is  indicated  in  figure  4.  Here,  we  notice  that  the 
mobility  is  higher  in  R  ratio  varied  between  7  and 
12.  The  best  value  of  mobility  was  found  equal  to 
151  cm2/V.s. 

Figure  5  shows  the  variation  of  the  carrier 

concentration  as  function  of  ratio.  We  remark  a 

noticeable  increase  of  the  carrier  concentration  from 

19-3  20  -3 

1.61x10  cm  to  1.84x10  cm  .  In  parallel,  the 

electrical  resistivity  varies  from  52  to  12  pft.m,  we 
noted  that  the  electrical  resistivity  have  a  opposite 
behaviour  when  the  R  ratio  increase  (figure  6).  All 
the  electrical  properties  are  simalar  to  the  values 
published  by  Y.  Azzouz  [15]  using  the  MBE  epitaxy. 
As  know,  the  performance  of  the  thermoelectric 
device  is  essentially  related  to  a  figure-of-merit  Z  of 

the  material  which  is  described  by  the  relation 

2 

Z  =  a  /k.p  where  a  is  the  seebeck  coefficient,  p  is 
the  electrical  resistivity  and  k  is  the  thermal 
conductivity  (k  is  taken  equal  to  15  mW  /  cm.K 
which  is  the  value  for  the  bulk  material). 


Figure  5 :  WV  ratio  dependence  on  carrier 
concentration. 


Figure  6 :  WV  ratio  dependence  on  electrical 
resistivity. 


Figure  7 :  WV  ratio  dependence  on  seebeck 
coefficient. 

Figure  7  shows  the  R  ratio  dependence  of  seebeck 
coefficient.  It  can  seen  that  as  R  ratio  increase  the 
seebeck  coefficient  is  raised  up  a  maximum  of 
-210  |iWK  for  the  R  value  equal  to  7. 
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Further  increase  in  R  results  in  a  decrease  of  the 
seebeck  coefficient.  In  parallel,  the  same  behaviour 
of  figure-of-merit  is  indicated  in  figure  8.  The  best 

-3  -1 

value  ofZ  was  found  to  be  equal  to  2.48x10  K  . 
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Figure  8  :  WV  ratio  dependence  on  figure  of  merit. 


Conclusion 

MOCVD  growth  of  n-type  on  pyrex  substrate  has 
been  examined.  The  growth  parameters  have  been 
studied  to  obtain  both  morphology  and  crystallinity. 
The  growth  to  be  depend  on  WV  ratio.  The  best 
results  were  found  for  WV  ratio  varied  between  6 
and  10.  In  the  variation  range  of  these  parameter  the 
our  results  are  comparable  to  the  best  results 
obtained  by  MBE  for  the  same  material. 

These  initial  results  suggest  a  significant  potential  of 
MOCVD  method  which  is  an  industrial  method  and 
should  allow  the  growth  of  good  quality  thick  layers 
for  thermoelectric  devices. 
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Abstract 

Measurements  of  die  electrical  conductivity,  Seebeck 
coefficient,  Hall  coefficient  and  magnetoresistance  of  Se-doped, 
Sn-doped  and  undoped  BiggSb^  have  been  made  over  the 
temperature  range  100  K  to  300  K  using  transverse  magnetic 
fields  of  up  to  1  tesla.  The  material  was  polycrystalline  and 
prepared  by  powder  metallurgy.  A  simplified  two-carrier  theory 
is  applied  to  die  analysis  of  the  experimental  data  and  is  shown  to 
give  a  good  qualitative  description  of  the  results.  It  is  shown  that 
the  electrons  and  light  holes  have  effective  masses  of  the  order  of 
one-tenth  of  the  free  electron  mass.  On  the  other  hand,  the  heavy 
holes  have  an  effective  mass  in  excess  of  the  free  electron  mass. 

1.  Introduction 

Although  there  is  no  doubt  that  single  crystal  Bi-Sb 
alloys,  when  properly  oriented,  have  superior  thermoelectric  and 
thermomagnetic  figures  of  merit  to  those  displayed  by 
polycrystalline  material,  there  are  practical  advantages  in  using 
samples  produced  by  powder  metallurgy.  Such  advantages 
include  speed  of  preparation,  consistency  of  composition  and 
mechanical  strength.  The  preferred  Bi-Sb  ratio  is  undoubtedly 
different  for  thermoelectric  and  thermomagnetic  applications  and 
is  probably  temperature  dependent  too.  There  may  also  be 
advantages  in  adding  either  a  donor  or  acceptor  impurity,  e.g., 
selenium  or  tin.1 

The  present  study  is  aimed  not  so  much  at  the 
optimization  of  the  material  but  rather  at  the  establishment  of  a 
simple  model  that  adequately  describes  the  transport  properties  of 
the  polyciystalline  alloys.  Our  measurements  have  been  made 
over  the  temperature  range  100  K  to  300  K  on  samples  having  the 
basic  composition  BiggSb,^  with  additions  of  Se  or  Sn  in  the  range 
0  to  1000  ppm.  The  electrical  and  thermal  conductivities,  the 
Seebeck  coefficient  and  the  Hall  coefficient  have  been  measured 
in  a  transverse  magnetic  field  of  up  to  1  tesla.  Our  present 
analysis  is  confined  to  the  electrical  conductivity  and  Seebeck 
coefficient  in  zero  magnetic  field  and  the  Hall  coefficient  and 
magnetoresistance  at  the  low  magnetic  field  limit.  The  magneto- 
Seebeck  effect  and  the  thermal  conductivity  will  be  discussed  at  a 
later  date. 

2.  Experimental  Details 

The  BiggSbjj  samples  were  prepared  by  melting  the 
desired  quantities  of  high  purity  Bi,  Sb  and  dopants  in  sealed, 
quartz  ampoules.  The  tubes  were  agitated  to  promote  complete 
mixing  of  the  melt  followed  by  a  water  quench  to  minimized 
segregation  during  solidification.  99.9999  %  Bi  and  Sb  were  used 
after  it  was  found  that  the  impurities  in  99.999  %  raw  materials 
produced  significant  variability  in  undoped  samples.  Powders 
were  prepared  by  crushing  the  ingots  via  mortar  and  pestle  so  that 
the  particles  would  pass  through  a  60  mesh  screen.  The  powder 
was  initially  consolidated  by  cold  pressing  followed  by  a  warm 


loading  step  to  promote  good  interparticle  contact. 

The  measurements  were  made  in  a  cryostat  that  allowed 
the  stabilization  of  the  temperature  at  any  point  between  liquid 
nitrogen  temperature  and  300  K.  Each  sample  was  soldered  to 
copper  end  plates  through  which  electrical  and  thermal  currents 
could  be  introduced.  The  electric  potentials  and  temperatures  at 
these  end  plates  were  measured,  allowing  the  electrical  and 
thermal  conductivity  and  the  Seebeck  coefficient  to  be  determined 
as  in  a  typical  Harman-type  measurement.2  The  Hall  coefficient 
was  found  using  wire  probes  at  the  center  of  the  sample. 

We  generally  attempted  to  make  the  samples  at  least  four 
times  as  long  as  their  width,  as  measured  perpendicular  to  the 
direction  of  the  magnetic  field.  By  this  means  we  hoped  to  avoid 
any  influence  on  the  Hall  effect  from  transverse  currents. 
However,  the  magnetoresistance  clearly  involved  a  contribution 
from  transverse  currents  near  the  end  plates.3  As  we  shall  show 
elsewhere,  the  magnetoresistance  under  the  condition  of  zero 
transverse  current  can  be  calculated  from  the  results  using  our 
configuration  if  samples  of  more  than  one  length-to-width  ratio  are 
employed.  We  actually  found  very  little  influence  from  transverse 
flows  when  the  magnetoresistance  was  measured  on  samples  with 
a  4: 1  length-to-width  ratio. 

3.  Theory 

A  theoretical  description  of  the  transport  properties  of 
BiSb  alloys  is  complicated  by  the  presence  of  two  types  of  hole. 
The  energy  band  structure  has  been  described  by  Lenoir  et  aV 
and,  using  their  data  for  the  composition  BiggSb^,  the  edge  of  the 
conduction  band  lies  20  meV  above  the  edge  of  the  light  hole  band 
and  35.7  meV  above  the  edge  of  the  heavy  hole  band.  Strictly 
then,  we  should  make  use  of  a  three-carrier  model.  However,  we 
are  not  attempting  to  give  a  detailed  interpretation  of  the  transport 
properties  at  this  stage.  For  example,  we  shall  be  ignoring  the 
effect  of  the  scattering  law  on  the  partial  Hall  coefficients  of  the 
electrons  and  holes  and  we  shall  ignore  the  effect  of  internal 
currents  associated  with  the  anisotropic  properties  of  the  grains. 
Thus,  although  we  take  account  of  the  effect  of  the  heavy  holes  on 
the  concentration  of  light  holes  for  any  given  electron 
concentration,  we  assume  that  the  mobility  of  the  heavy  holes  is  so 
small  that  they  make  a  negligible  contribution  to  the  transport 
coefficients.  We  hope,  then,  for  example,  to  describe  the  undoped 
alloy  by  a  two-carrier  model  in  which  the  electron  concentration 
is  substantially  greater  than  the  light  hole  concentration. 

The  four  measured  parameters,  namely  the  electrical 
conductivity,  o,  the  Seebeck  coefficient,  a,  the  Hall  coefficient, 
Rh,  and  the  magnetoresistance  coefficient,  Ap/pB2,  are  given  by5 

o=ne\in+pe\ip,  (1) 
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nWn+PVp% 

«P„Wp 


(2) 


e(Wn+PVp)2’ 


(3) 


Ap  _w^p(^+iy>2 

pB2  (wpn+ppp)2 


where  n  and  p  are  the  electron  and  the  hole  concentrations,  and 
^  are  the  electron  and  hole  mobilities  and  an  and  ap  are  the  partial 
Seebeck  coefficients.  It  should  be  noted  that  the 
magnetoresistance  coefficient,  as  given  by  equation  (4),  goes  to 
zero  when  there  is  only  one  type  of  carrier,  whereas  we  know  that 
this  quantity  is  finite  for  extrinsic  Bi-Sb.  In  other  words,  equation 
(4)  is  likely  to  be  a  good  approximation  only  when  the 
contributions  from  the  electrons  and  holes  are  comparable. 

It  is  convenient  to  rearrange  equations  (3)  and  (4)  to 

obtain 


K=-RAnVn+PVp M 


Mp\i 


P\2 


nK 


(5) 


and 


Vp=RAnK+P»p) 


PVP 


(6) 


Here  the  magnetoresistance  coefficient  is  denoted  by  M. 

It  is  noted  that  the  two  partial  Seebeck  coefficients  are 
related  to  one  another  through  our  knowledge  of  the  energy  gap, 
provided  that  an  assumption  is  made  about  the  scattering  law.  For 
want  of  any  other  indication,  we  shall  suppose  that  the  scattering 
law  exponent  r  is  equal  to  -V2.  Even  so,  there  are  five  unknowns 
to  be  determined  from  four  measured  parameters.  This  dilemma 
can  be  resolved  if  we  can  make  measurements  on  a  sample  in 
which  there  is  only  one  type  of  carrier.  We  can  then  find  the 
relationship  between  partial  Seebeck  coefficient  and  concentration 
for  that  carrier. 


4.  Experimental  Data 

In  figures  1  to  4  we  show  how  each  of  the  measured 
parameters  vaiy  with  temperatures  for  each  sample.  The  figures 
give,  respectively,  the  electrical  conductivity,  the  Seebeck 
coefficient,  the  Hall  coefficient  and  the  magnetoresistance 
coefficient.  The  latter  two  quantities  were  found  to  vary  with 
magnetic  field  strength  so,  to  obtain  consistent  results,  we  selected 
the  values  for  that  field  at  which  the  change  of  resistance  was 
10%.  It  was  expected  that  the  magnetoresistance  at  this  field 
strength  would  correspond  to  the  region  for  which  Ap/p  is 
proportional  to  B2. 

We  see  that  only  the  most  heavily  Sn-doped  sample 
displays  positive  values  for  the  Seebeck  and  Hall  coefficients  and 
then  only  at  the  lowest  temperatures. 

Most  of  the  samples  display  variations  of  the  parameters 
with  temperature  that  are  typical  of  mixed  conduction  but  the  two 
most  heavily  Se-doped  samples  behave  in  a  different  manner. 
They  have  electrical  conductivities  that  fall  continuously  as  the 
temperature  rises  while  their  Seebeck  coefficients  rise  with 
temperature.  Their  Hall  coefficients  are  almost  temperature 
independent.  All  these  characteristics  are  typical  of  extrinsic 
conduction. 
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Figure  1.  Plots  of  electrical  conductivity  against  temperature. 


172 


16th  International  Conference  on  Thermoelectrics  (1997) 


100 


50  H 


u 

> 

6 

a 


-50  H 


-100 


-150  H 


c P 


o  1000  ppm  Sn 
o  600  ppm  Sn 
A  300  ppm  Sn 
0  100  ppm  Sn 

•  nndoped 

■  50  ppm  Sc 

*  100  ppm  Se 

0  1000  ppm  Se 


* 


S 


o 


-200 


50 


n - 1 - 1 - 1 - 1 - 1 

100  150  200  250  300  350 

T(K> 


Figure  2 .  Plots  of  Seebeck  coefficient  against  temperature . 
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Figure  4.  Plots  of  the  square  root  of  the  magnetoresistance 
coefficient  against  temperature. 


Figure  3.  Plots  of  Hall  coefficient  against  temperature. 


5.  Analysis  of  Results 

The  extrinsic  behavior  of  the  samples  with  nominally 
100  ppm  and  1000  ppm  of  Se  allows  us  to  analyze  their  properties 
in  terms  solely  of  the  properties  of  the  electrons.  The  Hall 
coefficient  gives  us  the  electron  concentration  while  the  Seebeck 
coefficient  determines  the  Fermi  energy.  Consequently  we  can 
find  the  effective  mass  of  die  electrons.  Interestingly,  the  quantity, 
rn*  did  not  appear  to  vaiy  significantly  with  either  temperature  or 
concentration  of  dopant.  This  seems  to  indicate  that  the  electron 
band  is  nearly  parabolic,  at  least  for  the  Fermi  energies 
encountered  in  our  samples.  This  implies  that  we  can  use  the 
same  mean  value  of  mj  =  0. 122m  for  all  our  samples. 

We  have  applied  the  theory  of  Section  3  to  our 
experimental  data  using  a  spreadsheet  technique  to  determine  the 
basic  parameters  that  best  fit  the  results.  For  each  sample  at  each 
temperature  we  have  adjusted  the  electron  concentration  until, 
after  inserting  the  measured  values  of  the  coefficients,  o,  Rm  and 
M ,  together  with  the  known  value  of  m^,  we  have  found  the  value 
of  a  to  agree  with  experiment  The  final  form  of  the  spreadsheet 
appears  as  Appendix  1. 

In  figures  5  and  6  we  have  plotted  the  electron  and  light 
hole  mobilities,  respectively,  against  temperatures.  The  highest 
mobilities  are  found  for  the  undoped  and  lightly  Sn-doped 
samples.  The  electron  and  hole  mobilities  are  comparable  with 
one  another  though,  perhaps  unexpectedly,  the  hole  mobility 
seems  significantly  higher  than  that  of  electrons  at  300  K.  There 
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is  some  apparent  anomaly  for  the  sample  with  1000  ppm  Sn  at  the 
lower  temperatures  but  otherwise  the  results  are  unremarkable 
with  die  mobilities  falling  rapidly  as  the  temperature  rises,  except 
for  the  Se-doped  samples  which  obviously  display  strong  point 
defect  scattering. 

Although  we  have  been  able  to  fit  the  experimental  data 
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Figure  5.  Plots  of  electron  mobility  against  temperature. 


T(K) 

Figure  6.  Plots  of  light  hole  mobility  against  temperature. 


without  any  glaring  anomalies,  we  do  not  have  any  spare 
parameters  with  which  to  check  the  validity  of  our  approach. 
However,  there  is  a  further  step  that  we  can  take.  We  can  make 
use  of  our  values  for  the  concentration  and  Fermi  energy  of  the 
light  holes  to  determine  their  effective  mass.  We  have  done  this 
for  the  six  samples  that  display  mixed  conduction. 

If  we  use  all  the  data  we  obtain  a  rather  wide  spread  for 
nip*  but  some  of  the  values  are  obviously  unreliable.  For  example, 
the  results  at  300  K  are  of  doubtful  value  since  the 
magnetoresistance  is  invariably  very  small  at  this  temperature  and 
there  is  also  the  likelihood  that  the  neglect  of  the  contribution  to 
file  transport  processes  of  the  heavy  holes  is  less  valid  at  this 
temperature.  Furthermore,  for  the  50  ppm  Se  case  it  is  difficult  to 
attribute  properties  to  the  holes  since  they  make  very  little 
contribution  compared  with  electrons.  The  remaining  results  are 
given  in  table  1. 

6.  Conclusions 

It  is  concluded  that  a  good  qualitative  description  of  the 
galvanomagnetic  and  thermoelectric  properties  of  polycrystalline 
BiggSb12  is  given  by  a  two-carrier  theory  in  which  bipolar  transport 
is  predominant.  However,  the  model  clearly  needs  to  be  improved 
if  really  close  agreement  with  experimental  data  is  to  be  achieved. 

The  value  for  at  100  K  for  the  sample  with  1000 
ppm  Sn  is  clearly  anomalous.  This  sample  was  unusual  in  that  it 
displayed  a  greater  magnetoresistance  at  125  K  and  150  K  than  it 
did  at  100  K.  Otherwise,  the  values  are  all  of  the  same  order  even 
though  they  cover  a  rather  wide  range  from  about  0.6m  to  0. 16m. 
This  suggests  that  the  model  is  basically  sound  but  needs 
refinement.  The  mean  value  for  the  effective  mass  of  the  light 
holes  is  0.088m.  We  can  probably  conclude  quite  safely  that  the 
light  holes  and  the  electrons  have  rather  similar  effective  masses. 

We  can  also  deduce  a  value  for  the  effective  mass,  , 
of  the  heavy  holes,  if  we  suppose  that  the  total  concentration  of  the 
holes  in  the  undoped  sample  is  the  same  as  the  electron 
concentration.  We  calculate  the  concentration  of  the  heavy  holes 
by  subtracting  that  of  the  light  holes  from  the  electron 
concentration.  Also,  by  assuming  that  the  gap  between  the  edge 
of  the  heavy  hole  band  and  the  electron  band  is  35 .7  meV,  we  can 
determine  the  Fermi  energy  of  the  heavy  holes.  The  mean  value 
for  mp2*  turns  out  to  be  about  2.4m.  This  rather  large  value 
suggests  that  the  mobility  of  the  heavy  holes  must  be  very  small 
but,  in  view  of  the  fact  that  they  can  greatly  outnumber  the  light 
holes,  their  neglect  in  the  transport  theoiy  can  be  no  more  than  an 
approximation. 
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Abstract 

Electrical  resistivity  p,  Seebeck  coefficient  a  and  thermal 
conductivity  k  of  Bi).xSbx  crystals  were  measured  depending 
on  alloy  composition,  doping,  and  crystallographic 
orientation,  temperature  in  an  interval  77-300  K,  magnetic 
field  up  to  2  T. 

To  prepare  alloys  Bi  and  Sb  refined  up  to  99.9999  at.  %  were 
used.  The  single  crystals  Bi,.xSbx  (0<x<0.15)  vvere  grown  up 
by  a  horizontal  zone  recrystallization  method  at  growth  rate 
V=0.05  cm/hours  and  temperature  gradient  G=20  K/cm. 

It  is  shown,  that  the  n  -  type  (Bi0  Q3Sbo,o7)<Sno.ooi  m.%>  crystals 
at  the  temperature  of  practical  interest  T=180  K  have  the 
following  magneto-thermoelectric  figure  of  merit  (Z33(B2)): 
2.79-10 3  1/K  at  B=0,  4.79-10"3 1/K  at  B=0.25  T,  and  4.95-10’3 
1/K  at  B=0.50  T. 

Caused  by  magnetic  field  the  changes  of  transport  coefficients 
and  Z  are  the  result  of  reduction  of  energy  dependence  of 
effective  relaxation  time,  reduction  of  partial  mobility  and 
their  distinctions  for  light  and  heavy  charge  carriers,  electrons 
and  holes  in  a  magnetic  field.  The  initial  conditions  for 
obtaining  the  highest  magneto-thermoelectric  figure  of  merit 
are  formed  by  doping  by  donor  or  acceptor  impurity. 

Introduction 

Progress  in  the  research  of  thermoelectric  and  magneto¬ 
thermoelectric  figure  of  merit  of  Bi,.xSbx  crystals  [1-6]  are 
connected  essentially  with  the  increase  of  Bi  and  Sb  purity 
degree  and  the  perfection  of  crystal  growth  methods  [5]. 

Our  researches  [5,  6]  allowed  to  establish  the  detailed  picture 
of  influence  of  alloy  inhomogenity  and  also  content  of  doping 
impurity  on  thermoelectric  characteristics  of  Bi).xSbx  crystals. 
It  was  shown,  that  the  highest  value  of  thermoelectric  figure 
of  merit  Z33  is  achieved  in  undoped  homogeneous  n  -  type 
Bi,.xSbx  crystals  at  x  =  0.07  in  the  whole  temperature  region 
77  -  300  K  [5].  For  all  (x)  Z33(T)  passes  through  a  maximum 
at  T=Tra(x).  The  doping  n  -  type  Bi ,.xSbx  crystals  by  donor 
impurity  (tellurium)  leads  to  some  increase  of  thermoelectric 
figure  of  merit  at  T<T,„(x),  and  doping  by  acceptor  impurity 
(tin)  leads  to  such  an  increase  at  T>Tm(x)  [6],  In  work  [2,  4]  it 
was  established,  that  the  magneto-thermoelectric  figure  of 
merit  Z33(B,)  of  Bi,.xSbx  single  crystals  doped  by  tellurium 
exceeds  much  its  value  for  undoped  crystals,  however  for  the 
achievement  of  maximum  value  Z33(B|)  high  enough  values  of 
magnetic  fields  are  required. 


The  goal  of  this  work  was  to  receive  the  most  complete  picture 
of  magnetic  field  influence  on  thermoelectric  parameters,  and 
also  to  fulfill  the  detailed  research  of  physical  mechanism  of 
increasing  the  thermoelectric  figure  of  merit  of  Bi|_xSbx 
crystals  in  a  magnetic  field.  For  this  purpose  we  studied 
magnetic  field  '  influence  on  bismuth-antimony  crystal 
thermoelectric  figure  of  merit  in  the  area  of  temperatures  and 
alloy  compositions  where  tin  doped  crystals  have  the  highest 
efficiency  without  -  magnetic  field. 


Experiment 

Initial  materials  of  high  purity  were  used  to  prepare  alloys: 
antimony  of  99.9999  %  purity  and  bismuth  of  99.999  %  . 
Bismuth  was  additionally  refined  up  to  99.9999  %  [5].  The 
single  crystals  were  grown  up  by  a  horizontal  zone 
recrystallization  method  applying  regimes  that  ensure 
obtaining  single  crystals  with  homogeneous  distribution  of 
components  and  doping  impurities  [5,  6].  Samples  for  the 
research  were  cut  out  by  electric  erosion  method  as 
parallelepipeds  with  edges,  parallel  to  crystallographic  axes 
C|,  C2,  C3.  Three  sample  types  being  differ  in  crystallographic 
axis  parallel  to  the  longest  side  of  a  parallelepiped  were  used. 
Used  system  of  coordinates:  the  axis  (x)  or  (1)  is  parallel  to 
C2,  the  axis  (y)  or  (2)  is  parallel  to  C,,  the  axis  (z)  or  (3)  is 
parallel  to  C3.  The  transverse  magnetic  field  B=B2  was 
directed  parallel  to  C|,  for  which  average  cyclotron  mobility  of 
electrons  is  the  highest  one. 

The  measurements  of  transport  coefficients  p=l/a,  a,  k  were 
performed  by  stationary  methods  in  the  temperature  range  77- 
300  K.  [5,  6],  The  stationary  magnetic  field  was  formed  by  an 
electromagnet  with  an  area  of  uniformity,  exceeding  sample 
sizes.  The  measurements  of  magnetic  field  induction  were 
performed  by  Hall  gauge  with  the  error  5%.  The  errors  of 
measurement  of  transport  coefficient  p,  a,  k  were  accordingly: 
3%,  5%  and  7%. 


Experimental  results 

Measurements  of  electric  resistivity,  Seebeck  coefficient  and 
thermal  conductivity  dependence  on  temperature  and  magnetic 
field  for  Bio.93Sbo.07  crystals,  having  the  highest  value  Z33 
among  homogeneous  undoped  Bi j.xSbx  crystals  in  the 
interval  80-300  K  [5]  were  carried  out.  The  same  transport 
coefficients  were  measured  for  Bio.93Sbo.07  crystals,  doped 
by  tellurium  and  tin.  Fig.  1-4  show  the  dependencies  of 
transport  coefficients  p33,  a33,  k33  and  Z33  on  magnetic 
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B2,T 

Fig.  1 :  Dependence  of  electric  resistivity  /?33  on  magnetic  field 
B2||  C|  for  Bi[.xSbx<y>  crystals  at  temperature  T=180  K. 


Fig.  2:  Dependence  of  Seebeck  coefficient  a33  on  magnetic 
field  B2||  Cj  for  Bij.xSbx<y>  crystals  at  temperature 
T=180  K. " 

field  B?  for  pure  and  doped  Bi0.93Sb0.07  crystals  at  temperature 
T=180K.  That  temperature  is  of  interest  for  application  of 
Bi|.xSbx  crystals  in  low  temperature  stages  of  thermoelectric 
coolers. 

The  dependencies  presented  on  Fig.  1-4,  show  that  in  the 
conditions,  when  tin  doped  Bi|_xSbx  crystals  have  the  highest 
values  of  Z33?  they  have  the  highest  value  of  Z33(B2)  in  a 
transverse  magnetic  field.  Thus  the  magnetic  field  Bm 
corresponding  to  the  maximum  of  Z33(B2)  is  less  than  that  for 
undoped  and  tellurium  doped  crystals.  The  highest  values  of 
Z33(B2)  for  B i0  93Sbo.o7<Sn0.oo  1  at  %>  crystals  are  reached, 
mainly,  due  to  lower  thermal  conductivity  and  its  sharper 
decrease  in  a  magnetic  field. 

About  the  mechanism  of  magnetic  field  influence  on 
thermoelectric  figure  of  merit  of  Bij_xSbx  crystal 

As  it  is  known  [1,2],  the  increase  of  Z(B)  of  bismuth- 


Fig.  3:  Dependence  of  thermal  conductivity  rc33  on  magnetic 
field  B2 II  C|  for  Bi|.xSbx<y>  crystals  at  temperature  T=180  K. 
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Fig.  4:  Dependence  of  thermoelectric  figure  of  merit  Z33  on 
magnetic  field  B2||  C}  for  Bi|_xSbx<y>  crystals  at  temperature 
T=180  K. 

antimony  crystals  at  0<B<Bm  is  caused  by  the  increase  of 
Seebeck  coefficient  and  reduction  of  thermal  conductivity  at 
rather  small  increase  of  electric  resistance.  At  B>B]n  Seebeck 
coefficient  and  thermal  conductivity  reach  saturation,  and 
electric  resistance  continues  to  grow  so  Z(B)  reaches  a 
maximum  at  B=Bm  and  further  decreases.  In  general  it  is  so, 
however  the  complex  structure  of  energy  bands  of  bismuth- 
type  crystal  complicates  the  real  dependence  Z  (B). 

Let  us  consider  magnetic  field  dependence  of  Seebeck 
coefficient  in  Bi j_xSbx  crystals.  In  an  elementary  case  it  will  be 
bismuth  single  crystals,  tellurium  doped  up  to  the  level  when 
only  electrons  of  L-extrema  of  a  conduction  band  participate 
in  the  transport  phenomena  and  Seebeck  coefficient  in 
absence  of  magnetic  field  is  isotropic  one  and  corresponds  to 
the  partial  Seebeck  coefficient  of  electrons. 

Fig.  5  shows  the  dependence  of  Seebeck  coefficient  a22(B|)  at 
T=80  K  for  Bi<Te0.o5at%>  single  crystal  satisfying  specified 
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Fig.  5:  Dependence  of  Seebeck  coefficient  a22(B|)  on 
magnetic  field  B,||  C2  for  Bi<Te0.05  ,t.%>  single  crystal  at 
temperature  T=80  K. 


Fig.  6:  Dependence  of  Seebeck  coefficient  CC33(B2)  and 
an(B2)  on  magnetic  field  B2||  C,  of  bismuth  single  crystals  at 
temperature  T=80  K. 


conditions.  The  direction  of  magnetic  field'  B|||C2,  appropriate 
to  the  least  electron  cyclotron  mobility,  was  chosen  to  show 
experimentally  the  opportunity  of  achievement  of  Seebeck 
coefficient  saturation.  The  essential  increase  of  Seebeck 
coefficient,  more  than  twice,  in  a  magnetic  field  was  observed. 
It  is  possible  to  understand  such  behavior  qualitatively  on  the 
basis  of  elementary  theory  for  the  parabolic  electron 
dispersion  law  : 


2  k  (  3V  kT^l 

3  eV  2Aef, 


where  r  -  relaxation  parameter,  determining  the  dependence  of 
charge  carriers  relaxation  time  t  on  energy  £=(E/kT):  T=T0Er. 
For  the  scattering  on  acoustic  phonons  r=-l/2.  The  effective 
relaxation  parameter  in  a  strong  magnetic  field  r*=0,  because 
classically  strong  magnetic  field  equalizes  the  effective 
mobility  of  all  charge  carriers.  This  change  of  r*(B)  results  in 
the  increase  of  partial  electron  Seebeck  coefficient  in  a 
magnetic  field  about  1.5  times.  The  observable  more  than 
twice  change  of  Seebeck  coefficient  is  caused  by  the 
additional  contribution  of  nonparabolic  conductivity  band  [7], 
The  transition  from  the  change  of  Seebeck  coefficient  in  a 
magnetic  field  to  the  saturation  is  determined  by  the  condition 
uB=1,  differentiating  the  areas  of  classically  weak  and  strong 
magnetic  field. 

In  undoped  bismuth  crystals  Seebeck  coefficient  is  determined 
by  the  contribution  of  electrons  and  holes: 


aH  = 


a  aH  +otff|i 


a,;  +  G; 


(2) 


and  is  negative  because  at  n-p,  u+  <  u"  and  a  +  <  a 


Fig.  6  shows  the  dependence  of  Seebeck  coefficient 
components  ot33(B2)  and  aM(B2)  of  bismuth  single  crystals  at 
T=80  K.  The  direction  B2||C,  was  chosen  appropriate  to  the 
highest  value  of  cyclotron  electron  mobility.  The  magnetic 
field  dependence  au(B2)  shows  two  features:  negative 
Seebeck  coefficient  achieves  the  maximum  of  absolute  value 
and  further  changes  its  sign  and  growth  up  to  the  saturation. 
The  dependence  a33(B2)  is  a  similar  one,  but  the  value  of 
maximum  is  significantly  higher  as  in  the  given  direction  hole 
mobility  is  much  less  u3+«U|+.  Therefore  the  maximum  and 
saturation  occurs  in  higher  magnetic  fields. 

The  maxima  of  Seebeck  coefficient  and  thermoelectric  figure 
of  merit  of  n-type  crystals  are  reached  in  a  magnetic  fields, 
appropriate  to  a  condition  0<B<l/u  for  the  electron  mobility. 

In  crystals  Bi,.xSbx  (0<x<0.17)  electron  mobility  is  more  than 
that  in  bismuth  owing  to  the  transition  from  overlapping  bands 
to  an  energy  gap  and  the  reduction  of  charge  carriers 
concentration.  This  results  in  the  reduction  of  the  region  of 
magnetic  field  0<B<l/u  and  reduction  of  magnetic  field  B,„ 
appropriate  to  maximum  Seebeck  coefficient  and 
thermoelectric  figure  of  merit. 

Doping  by  acceptor  impurity  leads  to  the  increase  of 
thermoelectric  figure  of  merit  of  n-type  crystals  at  higher 
temperatures  in  comparison  with  undoped  crystals,  and  the 
increase  of  electron  mobility  provides  obtaining  the  maximum 
of  thermoelectric  figure  of  merit  at  smaller  value  of  magnetic 
field  in  comparison  with  undoped  or  tellurium  doped  crystals, 
as  it  is  seen  from  the  Fig.4. 

There  is  another- situation  at  bismuth  crystals  and  Bi|.xSbx 
(0<x<0.20)  alloys  doping  by  donor  impurity.  In  this  case,  in 
the  region  of  existence  of  charge  carriers  of  two  signs  n>p 
Seebeck  coefficient  at  saturation  remains  negative  too,  so  both 
mechanisms  work  in  one  direction,  resulting  in  the  increase  of 
Seebeck  coefficient  and  thermoelectric  figure  of  merit. 
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The  separate  manifestation  of  these  factors  can  be  seen  on 
Fig.  7  for  the  Bio.ssSbo.i 2<Teo,ooi  a-r.%^  crystal  at  T=80  K  and 
Bj||C2.  At  B2||C|  the  action  of  both  factors  results  in  the 
maximum  increase  of  thermoelectric  figure  of  merit  in  a 
magnetic  field  attaining  the  value  Z33(B2)  =  1.M0'2  K*1  for 
some  BiUxSbx  <Tey>  crystals  in  the  low  temperature  region 
[2,4]. 


Fig.  7:  Dependence  of  magneto-thermoelectric  figure  of  merit 
on  magnetic  field  B|||  C2  for  the  Bi0.88Sbo.i2<Te0.ooi  «!-.%> 
single  crystal  at  temperature  T=80  K. 
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Conclusions 

In  conditions  when  thermoelectric  figure  of  merit  Z33  of  n-type 
Bi^xSbx  <Sn>  crystals  is  the  highest,  magneto-thermoelectric 
figure  of  merit  Z33(B2)  of  these  crystals  is  the  highest  too. 

Magneto-thermoelectric  figure  of  merit  Z33(B2)  of 
Bi|.xSbx<Sn>  crystals  reaches  the  maximum  value  at  lower 
magnetic  fields  in  comparison  with  undoped  or  tellurium 
doped  crystals. 

Caused  by  magnetic  field  the  change  of  transport  coefficients 
and  Z  is  the  result  of  reduction  of  energy  dependence  of 
effective  relaxation  time,  reduction  of  partial  mobilities  and 
their  distinctions  for  light  and  heavy  charge  carriers,  electrons 
and  holes  in  a  magnetic  field. 

The  specified  factors  work  in  one  direction  to  increase  Z(B)  in 
tellurium  doped  B^Sb*  crystals,  that  results  in  the 
achievement  of  record  value  Z33(B2). 

The  essential  contribution  to  the  increase  of  Z(B)  in  tin  doped 
Bi,^Sbx  crystals  caused  by  the  reduction  of  thermal 
conductivity  in  a  magnetic  field. 
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Abstract 

Galvanomagnetic  and  thermomagnetic  effects  were 
studied  in  order  to  serve  the  solid  state  energy 
conversion.  A  possible  merit  of  the  use  of  magnetic  field 
in  these  effect  is  obious  because  the  Seebeck  emf 
(longitudinal  Nemst-Ettingshausen  effect)  or  Peltier 
cooling  (Nemat  effect)  could  be  enhanced  under 
the  magnetic  field.  Moreover,  the  Ettingshausen  effect 
generates  a  temperature  gradient  under  the  magnetic 
field.  Such  three  effects  were  studied  experimentally. 
On  a  Bi/Sb  sample,  the  temperature  difference  due  to 
the  Ettingshausen  effect  for  the  sample  width  of  10 
mm,  and  the  current  density  of  1  A/mm2  was  23K  at 
the  ambient  temperature  of  100  K  and  in  the  magnetic 
field  of  1.0  tesla. 

The  Nernst  temperature  difference  under  the  relevant 
condition  was  15. 4K  for  10  mm  length. 

Introduction 

The  solid  state  means  for  the  energy  conversion 
between  electricity  and  heat  is  the  use  of  Seebeck 
effect  which  is  the  longitudinal  generation  of  voltage 
by  the  temperature  gradient  and  the  use  of  Peltier 
effect  which  is  the  longitudinal  temperature  difference 
generation  by  the  electric  current. 

The  application  of  a  magnetic  field  on  both  of  these 
effects  are  called  the  longitudinal  Ettingshausen- 
Nemst  effect  and  the  Nernst  effect  respectively  in 
which  the  magnetic  field  is  applied  perpendicular  to 
the  primary  temperature  gradient  and  the  primary 
electric  current.  Furthermore,  there  are  conjugate  two 
other  effects,  namely,  the  transverse  Ettingshausen- 
Nemst  effect  and  the  Ettingshausen  effect  which  are 
only  appearing  under  the  magnetic  field.  The  names  of 
these  effects  are  not  unique,  so  we  show  in  Fig.l  the 
effects  and  the  corresponding  names  being  used  in  this 
work.  We  adopted  Bi  **Sbi  *  alloy  as  the  sample.  Bi  and 
Sb  have  the  similar  crystal  structure  and  are  both 
semi-metals.  Bi  and  Sb  make  all  proportion  solid 
solution;  among  this,  the  alloys  of  composition  range  of 


4  to  about  60  atomic  %  Sb  is  found  to  be  semi¬ 
conductor  [l] .  The  maximum  band  gap  13  meV 
appears  at  the  composition  BiwiSbu  which  alloy  is  also 
known  as  the  best  n-type  Seebeck  or  Peltier  material 
at  low  temperature  [2]* 

Ettingshausen  effect 
(pure  Bi) 

Fig.2  shows  one  of  the  measured  results  on  the 
Ettingshausen  effect  of  a  polycrystalline  pure  Bi  of 
which  purity  is  better  than  6  nines.  As  shown  in 
Fig.  1(a),  a  temperature  gradient  dTIdy  appears 
when  an  electric  current  Ix  and  a  magnetic  field  jR  are 
applied.  The  relation  between  1 1,  Bt and  dTIdy  is 


H«rnst-  Ettln«*h»uiin  tlf«ct  ;*/•* 

Fig.l  The  definition  of  galvanomagnetic  and 
thermomagnetic  effects 


■afnetlc  field 

Fig.2  Ettingshausen  effect  of  a  pure  Bi  sample 
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expressed  in  Eq.(l). 

The  Ettingshausen  coefficient  Et  is  normally  con¬ 
stant.  So  the  Ettingshausen  temperature  difference 
is  proportional  to  both  of  Bz  and  J*  which  means 
that  a  straight  line  through  the  origin  is  expected 
in  Fig. 2.  Actually,  Fig. 2  shows  a  thick  curved  line 
as  the  measurement.  In  the  figure,  a  straight  line 
is  drawn  in  such  a  manner  that  the  differences 
between  the  straight  line  and  the  curved  thick  line 
in  the  both  sides  of  ±  magnetic  field  have  the 
equal  magnitudes  at  the  the  points  of  ±  0.5 
tesla. 

The  difference  throughout  the  range  of  magnetic 
field  is  shown  by  the  dashed  curve  in  the  lower 
part  of  the  figure.  The  cause  of  this  deviation 
from  the  straight  fine  is  that  the  positions  of  the 
two  thermo-junctions  which  are  set  to  measure  the 
Ettingshausen  temperature  difference  are  not 
along  the  exact  y-direction  but  shift  with  each 
other  along  the  x-direction,  therefore  the  measured 
voltage  includes  Nermst  effect  as  an  error..  The 
Nemst  effect  is  principally  proportional  to  B2  so 
the  deviation  curve  shoud  be  symmetric  to  the  ± 
B  as  seen  by  the  dashed  curve.  In  fact,  the  shape 
of  the  curve  is  parabolic  only  within  the  magnetic 
field  of  ±  0.2  tesla  and  is  more  flat  in  the  higher 
field.  The  shape  of  this  curve  fairly  resembles  to 
the  measured  curve  of  the  Nemst  effect  which  is 
shown  in  Fig. 5. 

By  such  a  consideration,  the  straight  line  in  the 
figure  has  to  express  the  net  Ettingshausen  effect. 
The  line  indicates  the  converted  value  of  6.5  Kfor 
10  mm  length,  1  /mm2  and  at  100  K  and  1  tesla. 

(BiflpSbiz  alloy) 

The  Ettingshausen  temperature  difference  is 
shown  in  Fig. 3.  The  overall  appearance  is  similar 
to  that  of  the  former  figure  on  a  pure  bismuth.  The 
straight  line  is  drawn  in  the  same  manner  as 
the  case  of  Fig. 2.  The  deviation  curve  is  shown  in 
in  the  lower  part  of  the  figure  by  the  dotted  line. 
Different  from  the  former  case,  the  experimental 
curve  is  surpassing  the  deviation  curve.  This 
difference  means  that  the  setting  of  two 
therm oj unctions  for  measuring  the  effect  have  a 
misfit  along  the  x-direction  in  an  opposit  way  to 
the  former  case.  The  deviation  curve  in  Fig. 3  has 


a  little  hump  around  -0.2  tesla.  The  origin  of  this 
hump  is  not  known. 

The  temperature  difference  of  the  deviation  curvea 
at  0.5  tesla  is  0.2  K  for  the  current  of  2  A,  while  the 
Nemst  temperature  difference  in  Fig.5  (a)  in  100  K 
and  at  0.5  tesla  for  the  current  of  2  A  is  about  2.5 
K  along  10  mm  distance.  So  the  misfit  of  thermo¬ 
junctions  along  x  is  estimated  as  0.8  mm.  This 
amount  of  misfit  may  be  rather  possible.  After 
such  a  consideration,  the  Ettingshausen  effect  is 
thought  to  be  expressed  by  the  straight  line;  the 
line  indicates  a  converted  value  of  22  K  for  1  A/mm2 
at  100  K  and  1  tesla. 

(BiosSbu  doped  by  0.002  atm  %  Te) 

The  Ettingshausen  temperature  difference  is 
shown  in  Fig. 4.  The  overall  appearance  is  similar 


■unetlc  field  B  — 

Fig. 3  Ettingshausen  temperature  difference 
versus  the  magnetic  field. for  Bi^Shc? 


Fig.4  Ettingshausen  temperature  difference 
versus  the  magnetic  field  for  BiesSbu  + 
0.002  atm  %  Te 
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shown  in  Fig.4.  The  overall  appearance  is  similar 
to  the  former  two  cases.  -The  deviation .  is  drawn  in 
the  same  manner  as  the  former  figure  by  the  dotted  line. 
The  deviation  is  positive,  namely  the  experimental 
curve  is  surpassing  the  straight  line  as  the  case  of 
Fig. 3. 

The  dotted  curve  of  the  deviation  has  a  hump 
around  -0.5  tesla  which  is  similar  to  the  former  one. 
The  origin  of  this  hump  is  also  unknown. 

The  temperature  difference  of  the  deviation  curve  at  0 . 5 
tesla  is  estimated  as  0.5  K  with  the  width  of  16. 3  mm 
except  the  height  of  hump  for  the  sample  current  of  2A 
and  the  temperature  of  100  K,  while  the  Nemst 
temperature  difference  in  Fig. 5  (b)  in  100  K  is  about 
3.3K  for  the  sample  current  of  2  A  along  the  distance  of 
16.3  mm.  So  the  misfit  of  the rmo-j unctions  along  x  is 
estimated  as  2.5  mm;  this  value  of  misfit  seems  fairly 
big.  Assuming  the  above  misfits  as  real  ones,  the  net 
Ettingshausen  effect  is  expressed  by  the  straightlines 
in  Figs. 2,  3  and  4.  The  Nemst  temperature  difference 
shown  in  Fig.5  should  obey  the  quadratic  relation  to 
the  magnetic  field;  but  the  experimental  curves  obey 
the  B 2  relation  only  within  about  ±0.2  tesla. 

It  may  be  unnatural  that  the  Effingshausen  effect 
obeys  theB  -  linear  nature  to  the  highest  measured  field 
of  1.5  tesla,  because  the  Nemst  effect  obeys  the  B  ~ 
quadratic  nature  within  only  0.2  tesla.  Therefore, 
the  idea  of  regarding  the  straight  line  in  Fig. 2, 3  and 
4  as  the  real  values  for  the  Ettingshausen  effect  may  be 
a  too  much  crude  approximation.  A  part  of  the  deviation 
curves  could  be  attributed  to  the  real  effect,  although  it 
is  not  known  that  how  the  real  effect  is  separated 
among  the  deviation  curve. 

Nemst  effect 

The  Nemst  effect  is  the  longitudinal  temperature  gra¬ 
dient  under  the  primary  current  and  the  perpendicu¬ 
lar  magnetic  field.  The  experimental  results  are  shown 


in  Fig.5  (a)  and  (b),  where  (a)  is  the  result  on  the 
BiesSbu  alloy  sample  and  (b)  is  the  result  on  the 
sample  of  BiaaSb^  ±  0.002  atm  %  Te.  The  relation 
of  the  Nemst  temperature  difference,  the  current 
density  and  the  magnetic  field  is  as  follows: 


Bzfx 


(2) 


The  Nemst  coefficient  iVe  is  a  constant  at  least  in  a 
weak  magnetic  field.  The  Nemst  effect  has  a  sym¬ 
metric  nature  to  ±  B,  and  the  temperature  gradient 
is  quadratic  of  B  .  Fig.5  indicates  that  the  symmetry 
holds  but  the  parabolic:  change  is  seen  only  within  ± 
0.2  tesla  or  less.  In  the  larger  field,  the  effectless 

changes  or  even  decreases.  The  mechanism  of  such  a 
complicated  field  dependence  is  not  known. 

The  magnitude  of  the  Nemst  temperature  diflferencs 
for  10  mm  length  ,  for  instance,  at  100  K  and  in  0.5 
tesla  are  about  2.5  Kfor  Bi/Sb  alloy  and  about  3.3  K 
for  Bi/Sb  (0.002Te)  alloy.  The  former  value  is  converted 
to  15.4  K  for  10  mm  length,  1  A/mm2 ,  100  K  and  1  tesla. 


Fig.5  Nemst  temperature  difference  (a)  Bi^Sbi? 
sample,  (b)  BieflSbi2+0.002  atm%Te 
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Transverse  and  longitudinal  Nernst 
Ettingshausen  effectB 

The  transverse  effect  is  the  appeamce  of  a  tem¬ 
perature  gradient  along  y  direction,  d  Tt  d  y,  when 
Bz  and  d  T/dx  are  applied.  The  longitudinal  effect 
is  the  appearanoe  of  an  additive  temperature  gra¬ 
dient  along  x  ,  d  T/dx,  when  H  and  d  T/dx,  are 
applied.  These  effects  were  studied  on  the  same  Bi/Sb 
alloy  samples  and  the  work  was  reported  elsewhere 

13]. 

Conclusion 

(1)  Ettingshausen  effect  and  Nernst  effect  have  been 
measured  on  BimSbu  semiconducting  alloys. 

(2)  The  estimated  Ettingshausen  temperature  dif¬ 
ference  for  10  mm  width  is  23.0  K  with  the  condi¬ 
tions  of  the  current  density  of  lA/mm* ,  the  ambi¬ 
ent  temperature  100  K  and  the  magnetic  field 

1  tesla. 

(3)  The  estimated  Nernst  temperature  difference  for 
10  mm  length  is  15.4  K  with  the  same  condi¬ 
tions  as  above. 

(4)  Doping  of  0.002  atomic  %  Te  showed  little 
improvement.  A  higher  level  of  doping  should 
be  investigated. 
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Abstract 

The  aim  of  this  work  is  multiple  :  first  the  synthesis  by 
mechanical  alloying  of  homogeneous  Bi85Sbi5 
polycrystalline  powder  alloys,  that  have  been  achieved  with  an 
adequate  ball  to  powder  weight  ratio  (10:1),  second  the 
consolidation  of  the  powders  either  by  sintering  or  by  hot 
extrusion  in  order  to  try  to  introduce  a  texture  in  the  material 
and  finally  to  measure  the  thermoelectric  properties  of  the 
consolidated  samples  in  the  77-300  K  temperature  range. 

Introduction 

Bi-Sb  semiconducting  single  crystals  are  the  best 
conventional  materials  for  low  temperature  (80  K) 
thermoelectric  cooling.  The  highest  figure  of  merit  has  been 
found  for  single  crystals  of  an  antimony  composition  close  to 
15  atomic  %  [1].  However,  it  is  well  known  that  the  poor 
mechanical  properties  of  these  single  crystals  limit  their  use 
in  thermoelectric  devices. 

Powder  metallurgy  offers  the  opportunity  to  increase  the 
mechanical  strength  of  these  alloys.  Mechanical  alloying  is  a 
method  allowing  to  obtain  solid  solutions  [2]  in  a 
microcrystalline  form.  This  technique  was  chosen  to 
synthesize  Bi-Sb  alloys  because  it  offers  the  possibility  to 
process  a  homogeneous  alloy  in  a  reasonable  time. 
Nevertheless,  the  thermoelectric  performances  of 
polycrystalline  samples  are  generally  altered  with  respect  to 
single  crystals  due  to  the  anisotropic  nature  of  the  Bi-Sb 
material. 

The  aim  of  this  work  is  multiple  :  first  the  synthesis  of  an 
homogeneous  Bi85Sbi5  polycrystalline  powder  alloy  by 
mechanical  alloying  and  second  the  study  of  the  influence  of 
the  consolidation  technique  on  the  thermoelectric  properties  of 
the  obtained  samples. 

Experimental  Procedure 

Mechanical  alloying  was  carried  out  in  a  planetary  ball  mill 
(Fritsch,  Pulverisette  5)  with  balls  (0  =  30  mm)  and  jars  (250 
cc)  in  hardened  stainless  steel. 


Base  bismuth  and  antimony  of  high  purity  (99.999%)  with 
initial  particle  sizes  of  10  mm  were  introduced  in  the  vessels 
in  a  stoichiometric  ratio  (BissSbis)  under  an  argon 
atmosphere  in  a  glove  box.  The  vessels  were  then 
hermetically  sealed  in  order  to  preserve  the  material  of  a 
possible  oxidation  during  the  ball  milling. 

Three  balls  to  powder  weight  ratios  (BPR)  were  used 
92:1, 40:1, 10:1.  The  rotation  speed  was  fixed  at  236  r.  p.  m.. 

X-ray  diffraction  (XRD)  analyses  of  the  powder  samples 
were  performed  in  a  Siemens  D-500  diffractometer  with  the 
Co-Kai  radiation,  in  the  standard  0-29  geometry.  For  the 
microprobe  analyses  (CAMEBAX  SX  50),  the  powder 
samples  were  first  compacted  under  an  uniaxial  pressure  of 
500  MPa  during  2  minutes  and  then  polished  at  1  pm  with 
alumina  powders. 

The  forming  of  the  material  was  performed  following  two 
different  ways :  sintering  and  extrusion.  The  sintered  samples 
were  prepared  as  follows :  the  powder  is  first  compacted  in  the 
form  of  cylindrical  greens  of  10  mm  in  diameter  under  an 
uniaxial  pressure  of  160  MPa  and  then  the  green  is  submitted 
to  a  thermal  treatment  at  250°C  during  60  minutes  under  an 
He-H2  atmosphere.  The  extrusion  of  the  material  was  realised 
at  265°C  with  an  2.5  extrusion  ratio,  from  cylindrical  greens 
of  25  mm  in  diameter  which  present  a  density  of  75%  of  the 
theoretical  density. 

The  microstructure  of  sintered  and  extruded  samples  was 
studied  by  scanning  electron  microscopy  (SEM)  in  a  JEOL 
JMS  820  in  the  secondary  electron  image  mode.  The  samples 
were  prepared  by  electrochemical  polishing. 

In  order  to  determine  their  transport  properties,  the  sintered 
and  extruded  samples  were  cut  with  a  wire  saw  into 
parallelepipeds  of  typical  dimensions  2.5  x  2.5  x  10  mm.  All 
the  mesurements  of  the  transport  coefficients  were  performed 
on  the  same  sample  in  a  experimental  set-up  described  in 
details  elsewhere  [3].  Briefly,  the  thermal  conductivity  and  the 
thermopower  mesurements  are  measured  by  means  of  a  four 
probe  steady  heater  and  sink  method.  A  four  probe  method  is 
used  to  measure  the  electrical  resistivity.  The  values  are 
obtained  by  using  small  intensities  and  by  recording  almost 
instantaneously  the  voltage  as  soon  as  the  electrical  circuit  is 
closed. 
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Results  and  Discussion 

XRD  analyses  showed  that  the  seeked  BissSbis  alloy  is 
reached  after  15,  3  and  2  hours  of  milling  time  for  the  10:1, 
40:1  and  92:1  ratios,  respectively  [4], 

The  microprobe  analyses  show  that  the  powder  obtained 
with  the  10:1  BPR  is  the  most  homogeneous  as  compared  to 
the  powders  synthesized  with  the  others  BPR  that  present 
larger  dispersions  in  the  antimony  content  (figure  1).  We  only 
used  the  powders  produced  with  the  10:1  BPR  to  continue  our 
characterization  work  on  the  sinterd  and  extruded  samples. 


Figure  1  :  Microprobe  scanning  along  compacted 

samples  :  a)  BPR  92:1,  milling  time  3  h,  b) 
BPR  10:1,  milling  time  15h. 


The  sintered  samples  present  a  microstructure  with  grains 
randomly  oriented.  The  grains  have  sizes  ranging  from  2  to  10 
pm.  In  some  grains,  can  be  observed  parallel  broad  lines 
corresponding  to  the  (0  0  1)h  cleavage  planes  of  each  single 
grain  (figure  2). 

The  original  shape  of  the  extruded  material  is  a  cylindrical 
bar  which  presents  a  smooth  external  surface  without  any 
damage.  This  bar  was  cut  to  observe  the  microstructure  of  the 
extruded  material  in  both  parallel  and  perpendicular  directions 
to  the  extrusion  direction.  The  microstructure  observed  in  the 
two  directions  are  identical  (figure  3).  The  grains  have  sizes 
ranging  from  2  to  30  pm.  A  priori,  there  is  no  evidence  of 
preferential  orientation  of  the  grains.  We  can  again  note  the 
presence  of  lines  corresponding  to  the  cleavage  planes.  Texture 


analyses  [3]  show  that  there  are  two  main  orientations  in  the 
samples  :  the  [0  1  2]h  and  the  [1  1  0]h  directions,  both 
parallel  to  the  extrusion  direction. 


Figure  2  :  Microstructure  of  the  sintered  samples.  The 
microghaph  is  token  from  a  sample  cut 
parallel  to  the  pressing  direction. 


Figure  3  :  Microstructure  of  the  extruded  samples : 

a)  along  the  extrusion  direction, 

b)  perpendicular  to  the  extrusion  direction. 


185 


16th  International  Conference  on  Thermoelectrics  (1997) 


The  dependence  of  the  electrical  resistivity,  thermopower  and 
thermal  conductivity  were  measured  as  a  function  of  the 
temperature  between  80  and  300  K  on  the  sintered  and  extruded 
samples. 

The  electrical  resistivity  of  both  samples  increases  with 
decreasing  temperature,  characteristic  feature  of  a 
semiconducting  behaviour.  The  electrical  resistivity  of  the 
sintered  sample  reaches  a  maximum  value  of  about  7  |xQm  at 
a  temperature  of  100  K  whereas  it  still  increases  at  lower 
temperature  for  the  extruded  sample  in  the  considered 
temperature  range  (figure  4).  The  values  of  the  electrical 
resistivity  in  both  samples  are  higher  than  those  measured 
along  the  trigonal  axis  (P33)  of  a  single  crystal  of  rather  close 
content  (14.4%),  in  all  the  studied  temperature  range.  It  seems 
that  the  curves  of  the  two  polycrystalline  samples  are  shifted 
towards  higher  temperatures  compared  to  that  of  the  single 
crystal.  The  higher  values  of  the  electrical  resistivity  result 
from  the  polycrystalline  nature  of  the  material  and  from  the 
presence  of  potential  barriers  [5]  in  the  sintered  and  extruded 
materials.  Estimation  of  the  band  gap  Eg  can  be  calculated 
assuming  the  relation : 


P  =  P0  exp 


L ' 

2KT 


(1) 


where  K  is  the  Boltzman  constant  and  T  the  absolute 
temperature.  The  estimated  band  gap  is  about  19  meV  for  the 
sintered  material  and  about  28  meV  for  the  extruded  material. 


a 


10 

8 

6 

4  f. 


i  >  '  i  i  i  « 


e  Sintered 
e  Extruded 

■  Single  crystal  14.4  at.  %  Sb  (33) 


A  * 

«  • 

*  I  . 


V 


2  r 

r  ■  ■  a  a  ■  ■ 


50  100  150  200  250  300  350 


Temperature  (K) 


Figure  4  :  Electrical  resistivity  of  sintered  and  extruded 
samples.  Comparaison  with  the  behaviour  of 
a  single  crystal  (14.4  at.  %  Sb)  measured 
along  the  trigonal  axis. 

In  figure  5  are  reported  the  results  of  the  thermopower 
measured  on  the  formed  samples  in  function  of  the 
temperature  and  compared  them  to  those  obtained  with  a 
single  crystal  (14.4  at.%  Sb)  measured  along  the  trigonal  axis. 
Note  that  the  thermopower  anisotropy  in  single  crystals  is 
less  than  5%  in  the  temperature  range  80-300  K  [6].  The 
extruded  sample  presents,  between  80  K  and  300  K,  absolute 
thermopower  values  higher  than  those  of  the  single  crystal 
with  a  maximum  in  absolute  value  of  about  150  (J.V/K  at  90 
K.  On  the  other  hand,  the  sintered  sample  presents  larger 


absolute  values  than  the  single  crystal  for  temperatures  higher 
than  110  K,  with  a  maximum  in  absolute  value  of  about  130 
pV/K  at  150  K.  The  large  increase  of  the  thermopower  for 
both  polycristalline  samples  could  be  linked  to  the  presence  of 
potential  barriers.  This  scattering  mechanism  was  reported  as 
being  a  way  to  improve  the  thermoelectric  properties  [7-9]. 


Temperature  (K) 


Figure  5  :  Thermopower  of  sintered  and  extruded 

samples.  Comparaison  with  the  behaviour  of 
a  single  crystal  (14.4  at.  %  Sb)  measured  a 
long  the  trigonal  axis. 

In  figure  6  are  represented  the  temperature  dependences  of  the 
thermal  conductivity  of  both  extruded  and  sintered  samples. 
We  can  observe  that  between  80  K  and  approximately  250  K 
the  thermal  conductivity  of  both  samples  are  very  slightly 
lower  than  those  obtained  for  a  single  crystal  (14.4  at.%  Sb) 
measured  along  the  trigonal  axis  (X33).  If  we  take  into 
account  the  polycrystalline  nature  of  the  formed  powder 
samples  and  the  anisotropy  of  the  thermal  conductivity  in  the 
single  crystal  the  thermal  conductivity  values  of  the  material 
presenting  non  oriented  grains  would  be  the  weighted  average 
[6]  of  the  two  single  crystal  values,  X33  and  Xu  (mesured 
along  the  basal  planes).  We  can  obseve  that  in  our  samples 
the  thermal  conductivity  has  been  considerably  reduced  with 
regard  to  the  expected  values.  This  lowering  is  due  to  the 
scattering  of  the  low  frequency  phonons  at  the  grain 
boundaries.  This  phenomenon  can  be  greater  for  smaller  grain 
sizes  of  about  1  Jim  as  has  been  pointed  out  by  Goldsmid 
[10].  In  our  case  the  grain  sizes  are  larger  (2-30  pm),  and  as  a 
consequence  the  lattice  thermal  conductivity  value  is  more 
important,  the  scattering  mechanisms  being  however  still 
effectives. 

From  the  measurements  of  the  three  transport  coefficients  a, 
p,  X,  we  deduced  the  values  of  the  figure  of  merit  Z.  In  figure 
7  are  reported  the  temperature  dependences  of  the  figure  of 
merit  of  both  extruded  and  sintered  samples.  We  have  also 
represented  the  results  of  the  measurements  along  the  trigonal 
axis  of  a  single  crystal  (14.4  at.  %  Sb)  as  reported  by  Lenoir 
[6]  and  Yim  and  Amith  [11].  The  results  show  that  there  is  a 
maximum  in  the  figure  of  merit  of  2.0  10" ^  K'l  at  150  K  for 
the  extruded  sample.  This  maximum  is  lower  than  the  single 
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crystal  value  at  the  same  temperature  (3.5  10“^  K'*).  The 
maximun  of  the  figure  of  merit  is  shifted  toward  higher 
temperatures  as  compared  with  single  crystals.  Nevertheless 
between  150  K  and  room  temperature  the  use  of  our  extruded 
material  will  be  of  interest  because  of  the  better  mechanical 
strength  of  the  polycrystalline  alloys  [12]. 
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Figure  6  :  Thermal  conductivity  of  sintered  and  extruded 
samples  compared  to  the  thermal  conductivity 
behaviour  of  a  14.4  %  at.  Sb  content  single 
crystal. 


Figure  7  :  Figure  of  merit  of  sintered  and  extruded 

samples  compared  with  the  performances  of  a 
single  crystal  of  14.4  at.  %  Sb  content. 

Conclusion 

1.  Mechanical  alloying  technique  carried  out  with  a  10:1  BPR 
allows  to  synthesize  homogeneous  polycrystalline  Bi85Sbi5 
powders. 

2.  Between  the  two  considered  consolidation  techniques  the 
extrusion  is  the  more  powerful.  The  potential  barriers  of  the 
extruded  material  seem  to  be  more  effective  than  those  of  the 
sintered  materials. 

Higher  power  factor  (a^o)  values  are  obtained  in  the 
extruded  samples  with  a  maximum  of  figure  of  merit  of  2.0 
10-3  K-1  at  150  K. 
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Abstract 

Bulk  Bij.xSbx  is  a  direct  (indirect)  gap  semiconductor  for  0.07  < 
x  <  0.15(0.15  <  x  <  0.22)  with  a  maximum  bandgap  of  14-20 
meV  at  x  *0.12-0.15.  Small  bandgap  Bij.xSbx  alloys  have  been 
used  as  the  n-type  thermoelement  for  coolers  operating  around 
80K.  The  optimum  operating  temperature  strongly  depends  on 
the  magnitude  of  the  bandgap  of  the  material.  We  have  grown 
BiSb  alloy  thin  films  on  CdTe(lll)B  over  a  wide  range  of  Sb 
concentrations  using  molecular  beam  epitaxy  and  have  observed 
a  maximum  bandgap  of  40  meV  at  x  =  0.09,  which  is  larger  than 
that  observed  in  bulk  alloys.  Thermoelectric  power  (TEP) 
measurements  showed  that  a  maximum  TEP  value  occurred  in  a 
thin  film  with  x  =  0.09.  This  thin-film  TEP  value  was  16%  larger 
than  bulk  at  room  temperature.  The  power  factor  (S2cr)  results 
show  that  the  BiSb  alloy  thin  films  peak  at  a  significantly  higher 
temperature  (250K)  than  previously  reported  for  the  bulk  alloy 
(80K),  which  is  possibly  due  to  the  enhanced  bandgap.  This 
bandgap  enhancement  may  be  associated  with  strain  effects.  The 
results  show  significant  promise  for  the  use  of  band-engineered 
materials  in  thermoelectric  devices. 

Introduction 

Bi  and  Sb  are  semimetals  with  a  rhombohedral 
structure  which  have  a  small  energy  overlap  between  the 
conduction  and  valence  bands,  high  carrier  mobilities,  and  small 
effective  masses.  Because  of  these  properties,  Bi  and  Sb  were 
studied  in  connection  with  quantum  transport  and  quantum  size 
effect  phenomena.  Bij.xSbx  can  be  a  semiconductor  or  semimetal 
depending  on  the  Sb  concentration. [1-9]  The  band  structure  is 
shown  in  Fig.  1.  The  addition  of  Sb  to  Bi  causes  the  Ls  and  T 
bands  to  move  down  with  respect  to  the  Lt  band.  At  x=0.04  the 
L  bands  invert[2,3]  and  at  x=0.07  the  overlap  between  the  hole 
T  and  La  bands  disappears [4],  resulting  in  an  indirect 
semiconductor  for  x<0.09.  For  0.09<x<0.15,  BiUxSbx  is  a  direct 
gap  semiconductor.  The  maximum  bandgap  of  these  alloys  is  in 
the  range  14-20  meV  for  12-15  %  Sb  concentration.  [1,6, 7]  For 
x>0.15,  the  hole  H  band  lies  above  the  La  band  and  we  have  an 
indirect  semiconductor.  Above  x=0.22,  the  alloys  are 
semimetallic. 

With  properties  such  as  a  small  bandgap,  high  mobility 
and  a  reduced  lattice  thermal  conductivity,  semiconducting  Bij_ 
xSbx  alloys  may  potentially  be  used  as  an  n-type  thermoelement 
operating  around  80  K.  The  thermoelectric  figure  of  merit 
defined  by  ZT=(S2ct/k)T  (where  S  is  the  thermoelectric 
power(TEP)  or  Seebeck  coefficient,  cr  is  the  electrical 
conductivity,  and  k  is  the  thermal  conductivity)  is  0.88  at  80  K 


in  a  magnetic  field  of  0.13  T.[6]  It  should  be  noted  that  the 
optimum  operating  temperature  and  the  magnitude  of  the  figure 
of  merit  strongly  depend  on  the  size  of  the  bandgap  of  the 
material.  If  one  could  “engineer”  the  bandgap,  the 
thermoelectric  properties  could  be  adjusted.  For  example,  some 
of  us  recently  showed  that  quantum  confinement  induces  an 
energy  gap  in  Bi  thin  films  of  thickness  <200  A.[10]  In  this 
paper  we  will  discuss  the  electrical  transport  properties  and  TEP 
of  somewhat  thicker  Bii.xSbx  alloy  thin  films  (for  which  a  gap 
occurs  naturally  without  any  quantum  confinement)  grown  on  a 
CdTe(lll)B  substrate  over  a  wide  range  of  Sb  concentrations. 
Future  work  will  consider  quantum  confinement  with  the  alloy 
effects. 


Bi 


0.00  0.05  0.10  0.15  0.20  0.25 

Sb  composition,  x 


FIG.  1.  Energy  band  structure  of  Bit.xSbx  alloys. 

Experiment 

Bi|_xSbx  alloy  thin  films  were  grown  on  semi-insulating 
CdTe(l  1 1)B  substrates  by  molecular  beam  epitaxy  (MBE)  with 
x=0,  0.035,  0.05,  0.09,  0.11,  0.14,  and  0.16.  The  base  pressure 
of  the  growth  chamber  was  in  the  10*l°  Torr  range.  The  growth 
direction  of  the  Bij.xSbx  alloy  film  on  CdTe(lll)B  is  parallel  to 
the  trigonal  axis.  We  first  deposited  a  3000  A  CdTe  buffer  layer 
on  the  CdTe  substrate  at  250  °C,  followed  by  deposition  of  the 
Bii_xSbx  layer  at  a  rate  of  0.4  A/s  and  at  a  growth  temperature  of 
83  °C.  Reflection  high-energy  electron  diffraction  (RHEED)  was 
used  to  examine  the  specific  surface  reconstruction  of  the 
deposited  layers.  The  composition  of  Sb  was  controlled  by  a 
quartz  thickness  monitor.  The  accuracy  of  this  technique  has 
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been  examined  and  confirmed  by  inductively  coupled  plasma 
(ICP)  spectroscopy  analysis.  The  Bi,.xSbx  epilayers  had  nominal 
thicknesses  of  1  pm.  The  lattice  constants  of  Bi  and  Sb  are  4.546 
and  4.308  A,  respectively.  Consequently  the  lattice  mismatch 
with  CdTe(l  1 1)B  (4.58  A)  increases  from  0.7  %  to  6  %  between 
these  limits.  We  measured  the  TEP  and  electrical  resistivity  as  a 
function  of  temperature.  Samples  were  processed  into  bar-shape 
patterns  using  photolithography  and  lift-off  techniques  for 
electrical  measurements.  The  TEP  measurement  techniques  are 
discussed  elsewhere.[l  1] 

Results  and  Discussion 

The  temperature-dependent  resistivities  of  the  Bi  and 
BiSb  alloy  thin  films  with  various  Sb  compositions  are  shown  in 
Fig.’s  2(a)  and  (b).  At  room  temperature,  the  resistivity 
differences  between  the  various  compositions  are  small. 
However,  as  the  temperature  decreases,  the  resistivity  behavior 
varies  significantly  with  Sb  concentration.  As  the  Sb 
concentration  increases,  the  resistivity  increases  rapidly  up  to  9 
%  Sb  concentration  as  shown  in  Fig.  2(a).  Unlike  a  pure  Bi  film, 
the  resistivities  of  the  alloys  increase  with  decreasing 
temperature  below  room  temperature,  implying  that  the 
dominant  bandgap  in  the  alloy  is  larger  than  the  thermal  energy 
(at  300  K,  kBT~25  meV).  It  should  be  noted  that  the  9  %  Sb 
alloy  has  the  highest  resistivity  at  low  temperature.  With  the 
further  addition  of  Sb,  the  resistivity  decreases  as  shown  in  Fig. 
2(b). 

In  order  to  analyze  the  temperature  dependent 
resistivity  for  a  given  Sb  concentration,  Jain[l]  used  the 
following  exponential  law  to  describe  the  semiconducting  alloys: 
p  =  p0exp(Eg/2kBT) 

where  p0  is  a  constant  and  Eg  is  an  effective  bandgap.  This 
relation  is  based  on  the  assumptions  that  the  contributing  bands 
are  parabolic  with  the  same  density  of  states,  and  that  the 
carriers  are  scattered  primarily  by  acoustic  phonons.  [7,12] 
Despite  these  approximations,  the  results  obtained  may  be  used 
to  describe,  qualitatively,  the  evolution  of  the  band  structure  as  a 
function  of  Sb  concentration  at  low  temperature.  We  have 
calculated  the  thermal  energy  gaps  using  the  above  equation,  and 
the  results  are  shown  in  Fig.  3.  The  calculated  results  are 
compared  with  similarly  calculated  literature  values  for  bulk  and 
epitaxial  thin  films  grown  on  BaF2(lll).  [1,6-8]  It  is  seen  that 
the  effective  bandgaps  (defined  in  the  above  manner)  of  thin 
films  grown  on  CdTe(ll  1)  are  larger  than  the  bulk  values,  and 
that  the  Sb  concentration  for  the  maximum  bandgap  has  shifted 
to  a  lower  x,  from  14-20  meV  atx«  0.12-0.15  in  bulk  to  40 
meV  at  x  «  0.09  in  the  thin  films  grown  on  CdTe(lll).  The 
same  analysis  yielded  a  slight  enhancement  of  the  bandgaps  of 
BiSb  thin  films  grown  on  BaF2  (111)  studied  by  Morelli  et  al. . 
[9]  It  must  be  pointed  out  that  the  effective  bandgap  for  thin  film 
and  bulk  materials  may  differ.  Since  there  are  multiple  hole 
bands  (at  L,  H  and  T),  the  band  which  makes  the  dominant 
contribution  to  the  temperature  dependence  of  the  resistivity 
depends  on  a  complex  interplay  between  the  bandgap,  density  of 


states,  mobility  and  temperature.  Surface  scattering  and  strain 
are  present  in  thin  films  which  are  absent  in  bulk  and  both  are,  in 
general,  substrate  dependent.  Alternatively,  the  differences 
between  the  thin  film  bandgaps  and  the  earlier  bulk  results  may 
be  due  in  part  to  a  breakdown  of  the  assumption  that  acoustic 
scattering  dominates  the  mobility  for  the  relevant  temperature 
range  in  the  thin  films. 


Temperature  (K) 


FIG.  2.  The  temperature  dependence  of  the  electrical  resistivities 
of  Bi  and  BiSb  alloy  thin  films  with  various  Sb  composition. 

In  Fig.’s  4(a)  and  (b),  the  TEP  values  for  the  Bi  and 
BiSb  alloy  thin  films  are  plotted  as  a  function  of  temperature 
between  20  and  300  K.  The  TEP  of  a  pure  Bi  film  is  seen  to  be 
in  good  agreement  with  the  previous  single  crystal  values  for 
conduction  perpendicular  to  the  trigonal  axis  as  reported  by 
Gallo  et  a/. [13]  and  Korenblit  et  a/.. [14]  The  TEP  values  for  the 
alloy  thin  films  are  seen  to  be  larger  than  that  for  the  pure  Bi 
film.  The  alloy  TEPs  increase  with  increasing  Sb  concentration 
up  to  9  %,  as  shown  in  Fig.  4(a),  and  decrease  thereafter  with 
further  increase  in  x,  as  shown  in  Fig.  4(b).  For  a  thermoelectric 
material  containing  both  electrons  and  holes,  the  total  TEP  may 
be  modeled  by  the  relation:  S  =  (acSe+apSp)/(ac+crp),  where  ae 


189 


16th  Internationa!  Conference  on  Thermoelectrics  (1997) 


and  ap  are  the  electrical  conductivities  and  Sc  and  Sp  are  the 
TEPs  for  electrons  and  holes,  respectively.  The  observed 
negative  TEP  implies  a  higher  mobility  for  electrons  than  for 
holes  (assuming  n  =  p).  The  magnitude  of  the  TEP  increases 
with  decreasing  temperature  above  a  certain  temperature.  This 
increase  is  due  to  the  freeze-out  of  electrons  and  holes  at  low 
temperature.  Thereafter,  the  magnitude  of  the  TEP  decreases 
linearly  with  decreasing  temperature  as  in  bulk,  which  is  due  to 
the  greater  degeneracy  of  the  carrier  populations. 


FIG.  3.  Bandgap  Eg  vs  Sb  concentration. 


In  Fig.  5,  a  comparison  is  made  between  the  thin  film 
and  bulk  TEPs  as  a  function  of  Sb  concentration  at  several 
temperatures.  At  a  given  temperature,  the  maximum  TEP  occurs 
at  lower  Sb  concentration  in  the  thin  films  than  in  bulk.  Two 
important  points  are  evident  in  this  result:  i)  the  TEPs  of  the 
alloy  thin  films  are  larger  than  for  bulk  alloys  (which  may  be 
further  evidence  of  an  enhanced  bandgap  in  the  thin  films  grown 
on  CdTe(lll)B  substrates),  and  ii)  the  downward  movement  of 
the  maximum  TEP  for  Sb  concentrations  between  14  %  to  9  % 
is  consistent  with  the  resistivity  results  (which  also  show  a 
maximum  at  9  %). 

In  Fig.  6,  the  temperature-dependent  power  factor  (S2a) 
for  a  7.2  %  BiSb  alloy  thin  film  is  compared  with  those  for  bulk 
Bi  and  12  %  BiSb  alloy  crystals.  Only  samples  with  the  largest 
experimental  power  factors  from  the  literature  are  graphed  for 
ease  of  viewing.  These  results  show  that  power  factors  for  the 
BiSb  thin  film  peak  at  a  significantly  higher  temperatures 
(250K)  than  in  previous  results  for  the  bulk  alloy  (80K).  This 
higher  temperature  maximum  for  the  power  factor  can  be  taken 
as  further  evidence  for  an  increase  in  the  bandgap  for  alloy  thin 
films  grown  on  CdTe(l  11).  It  is  clear  that  if  the  conductivity  of 
the  films  could  be  improved  (e.g.  by  forming  more  perfect 
interfaces  and  eliminating  misfit  dislocations  through  better 
lattice  matching),  higher  power  factors  would  also  be  obtained  at 
all  temperatures.  This,  in  turn,  would  require  a  reduction  in 
substrate  interface  scattering  and  doping  effects. 


The  above  mentioned  explanation  for  the  enhanced 
effective  bandgap  involving  strain  assumes  a  shift  in  the  relative 
position  of  the  electron  and  hole  bands.  Morelli  et  ai  [9] 
attributed  their  (slightly)  enhanced  bandgap  in  films  grown  on 


Temperature  (K) 


FIG.  4.  TEP  of  Bi  and  BiSb  alloy  thin  film  as  a  function  of 
temperature. 


FIG.  5.  TEPs  of  BiSb  thin  film  and  bulk  crystal  as  a  function  of 
Sb  concentration  with  different  temperatures. 
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BaF2(l  11)  to  a  compressive  strain  caused  by  the  smaller  lattice 
constant  of  the  substrate  (4.38  A).  However  in  our  films  a  tensile 
strain  is  expected.  Fig.  7  shows  the  results  of  a  0-20  X-ray 
diffraction  study  which  was  used  to  determine  the  c-axis  lattice 
constant  using  a  hexagonal  unit  cell  of  BiSb  films  as  a  function 
of  Sb  concentration.  For  a  given  Sb  concentration,  the  lattice 
constant  for  our  films  is  consistently  smaller  than  that  of  the 
bulk,  while  for  thin  alloy  films  on  BaF2  it  is  larger.  Both 
behaviors  are  consistent  with  the  expected  strain  induced  by  the 
substrate  and  the  positive  Poisson  ratio  of  BiSb.  For  our  films, 
this  strain  becomes  larger,  since  the  lattice  mismatch  between 
BiSb  and  CdTe  increases  with  increasing  x.  Theoretical  band 
structure  calculations,  which  may  shed  some  light  on  this 
problem,  are  underway  and  will  be  reported  elsewhere. [15] 


I 


in 

t> 


Temperature  (K) 


FIG.  6  Power  factor  vs  temperature. 


FIG.  7.  C-axis  lattice  constant  of  Bi  and  BiSb  alloy  thin  films  as 
a  function  of  antimony  concentration.  The  full  line  gives  results 
for  bulk  alloys. 

Conclusion 

We  have  grown  Bii_xSbx  alloy  thin  films  on 
CdTe(lll)B  over  a  wide  range  of  Sb  concentrations  using 


MBE,  and  have  observed  a  maximum  effective  bandgap  of  40 
meV  at  x  =  0.09,  which  is  larger  than  that  observed  in  bulk 
alloys.  It  is  proposed  that  this  bandgap  enhancement  may  be  due 
to  strain  effects.  TEP  measurements  show  that  a  maximum  value 
occurs  in  an  alloy  thin  film  with  x  =  0.09.  At  room  temperature, 
the  thin-film  TEP  value  is  16  %  larger  than  in  the  bulk  alloy. 
Power  factor  results  show  that  BiSb  alloy  thin  films  peak  at  a 
significantly  higher  temperature  (250  K)  than  previously 
reported  for  the  bulk  alloy  (80  K).  These  results  show  significant 
promise  for  the  use  of  band-engineered  Bi-based  materials  in 
thermoelectric  devices,  which  will  become  even  more  attractive 
when  quantum  confinement  is  introduced. 
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Abstract 

Carrier  mobilities  and  densities  were  calculated  in 
Bio.96Sbo.04  alk)y  in  the  temperature  range  78-300  K.  The 
theoretical  model  takes  into  account  the  particular  band 
structure,  the  non  parabolicity  of  the  conduction  band  and  the 
complex  carrier  scattering  mechanisms.  The  adjustable 
parameters  are  found  by  the  least-squares  method  from  the 
experimental  values  of  the  twelve  galvanomagnetic 
coefficients  in  weak  magnetic  field  and  of  the  two  components 
of  the  thermopower.  Calculated  values  of  the  Hall  and 
magnetoresistance  factors  of  electrons  show  a  substantial 
deviation  from  unity. 

Introduction 

Detailed  study  of  classical  galvanomagnetic  effects  in  Bi-rich 
Bii_xSbx  alloys  are  lacking  in  the  literature.  These  alloys  are 
well  known  materials  for  their  attractive  thermoelectric  or 
thermomagnetic  properties  at  low  temperatures  [1-2]. 

Galvanomagnetic  investigations  consist  in  the  determination 
of  the  resistivity  tensor  p(B)  in  presence  of  a  magnetic 
induction  B.  In  the  limit  of  weak  fields  (p,B«l,  where  |1  is 
the  mobility),  only  terms  in  B  and  B2  need  to  be  retained  in 
the  expansion  of  this  tensor  as  a  power  series,  leading  to  a 
relatively  small  number  of  low  field  measurements.  The 
number  of  independent  coefficients  appearing  in  the  expansion 
is  twelve  for  the  Bi-Sb  alloys  belonging  to  the  point  group 
R3m.  A  schematic  representation  (Fig.  1)  shows  how  the  band 
parameters  may  be  phenomenologically  deduced  from  these 
coefficients. 

The  galvanomagnetic  study  of  Bi-rich  Bi-Sb  alloys  remains 
a  tedious  task  from  a  theoretical  point  of  view.  Ravich  and  co- 
workers  [3-4]  have  shown  that  the  Hall  and  magnetoresistance 
factors  of  electrons,  which  are  governed  by  the  energy 
dependence  of  the  relaxation  time,  differ  greatly  from  unity  in 
bismuth  at  temperatures  higher  than  100  K  because  of  the 
strong  non-parabolicity  of  the  dispersion  relations  for 
conduction  electrons  and  light  holes.  The  same  results  seem 
also  to  be  true  in  alloys,  as  shown  by  Demouge  et  al.  [5]  in 
an  analysis  of  five  galvanomagnetic  coefficients  in  the 
Bio.96Sbo.04  semimetallic  alloy.  Since  the  Hall  and  die 
magnetoresistance  factors  of  electrons  can't  be  fitted  directly 
with  sufficient  accuracy,  it  is  necessary  to  calculate  them 
assuming  a  scattering  model  for  charge  carriers. 


In  this  communication,  we  report  on  the  temperature 
dependence  of  the  components  of  the  mobility  of  electrons  and 
holes  in  Bio.96Sbo.04  alloy  between  78-300  K  calculated 
from  a  least-squares  procedure  using  the  complete  set  of  the 
twelve  independent  galvanomagnetic  coefficients  and  the  two 
components  of  the  thermopower.  The  theoretical  model  first 
proposed  for  Bi  [6]  is  extended  here  in  the  alloy.  The 
calculated  values  of  Hall  and  magnetoresistance  factors  of 
electrons  in  alloy  are  compared  with  those  of  Bi. 


The  Resistivity  Tensor  p..  (B) 


Generalized  Ohm’s  law  :  E.  =  p..  (B)  J. 

For  jiB  <  1  (low-field  approximation) 


Figure  1:  Schematic  representation  of  band  parameter 
calculation  from  low-field  galvanomagnetic  measurements  for 
a  rhomboedral  structure. 

Theory 

By  alloying  bismuth  with  a  small  amount  of  antimony,  the 
band  structure  of  bismuth  at  T  =  0  K  is  qualitatively 
maintained  with  a  change  in  the  relative  position  ot  the 
different  energy  bands,  and.  correspondingly,  in  the  different 
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band  parameters.  The  addition  of  Sb  to  Bi  results  in  a  decrease 
of  the  overlap  between  the  L-conduction  and  T-valence  bands 
and  to  a  decrease  of  the  L-point  energy  gap  Eg  (Fig.  2).  For  4 
at.%  Sb  the  direct  gap  is  zero  [7-8]. 

We  described  the  L  bands  by  a  two  band  non  parabolic 
model  and  the  T  band  by  a  parabolic  model.  To  calculate  the 
temperature  dependences  of  the  transport  coefficients,  we  have 
to  know  those  of  the  band  structure  parameters.  However, 
complete  information  about  them  is  not  available.  According 
to  magnetooptic  results  [9],  the  energy  gap  Eg  which  is  zero 
in  Bio.96Sbo.04  at  T  =  0  K  increases  noticeably  above  80  K, 
reaching  23  meV  at  300  K.  We  took  the  temperature 
dependence  of  the  two  small  effective  masses  of  the  electrons 
into  account  by  working  [10]  from  the  results  of 
magnetooptic  measurements  [9].  We  assumed  that  both  the 
large  effective  mass  and  the  components  of  the  effective  mass 
for  the  T  holes  were  temperature  independent.  The  temperature 
dependence  of  the  overlap  energy  of  the  conduction  band  with 
the  T-valence  band,  Elt,  is  not  known  and  was  considered  as 
an  adjustable  parameter  in  our  model. 


L  electrons 


Figure  2;  Band  structure  of  Bi  (a)  and  Bio .96Sbo.04  alloy  (b) 
at  T  =  0  K.  Eg  and  Epj  are  the  direct  band  gap  and  the  energy 
overlap,  respectively. 

We  considered  the  scattering  model  developed  for  pure 
bismuth  [6],  where  both  acoustical  phonon  and  interband 
recombination  scattering  mechanisms  were  taken  into  account. 
Considering  that  the  energy  dependence  of  the  relaxation  time 
for  the  impurity  scattering  with  a  short  range  potential  of 
isovalent  atom  of  antimony  is  the  same  as  for  the  scattering 
with  acoustical  phonons,  the  expansion  of  this  model  to 
alloys  is  possible.  Then  the  theoretical  model  involves  three 
scattering  parameters  :  Cjsj,  Cp,  xC^  [3,6].  and  Cp 
represent  the  intensity  of  L-electrons  or  T-holes  scattering  by 
acoustic  phonons  and  xCn  characterizes  the  rate  of 
recombination  scattering;  these  parameters  will  be  fitted  to 
obtain  the  Hall  and  the  magnetoresistance  factors,  A  and  M, 
respectively.  Theoretical  formulas  for  the  kinetic  coefficients. 


the  relaxation  times,  the  Hall  and  magnetoresitance  factors  are 
given  in  [3,6]. 

Similarly  to  the  work  of  Ravich  et  al.  with  bismuth  [4],  we 
used  the  twelve  independent  galvanomagnetic  coefficients  and 
the  two  components  of  the  thermopower  in  the  absence  of  a 
magnetic  field  to  determine  the  parameters  of  die  model  by  the 
least-squares  method. 

For  each  temperature  we  selected  constants  Epy,  Cn>  Cp, 
and  xCn.  We  also  selected  the  angle  between  the  major  axis  of 
the  ellipsoids  of  electrons  and  die  plane  perpendicular  to  the 
trigonal  axis  of  the  crystal.  However,  this  angle  turned  out  to 
be  relatively  insensitive  to  the  temperature  and  to  have  a  value 
close  to  7°  [10]  as  in  pure  Bi  [4], 

All  adjustable  parameters  values  used  in  the  calculation  of 
the  carrier  mobilities  and  densities.  Hall  and  magnetoresistance 
factors  are  listed  elsewhere  [10]. 

Experiments 

A  Bio.96Sbo.04  single  crystalline  ingot  was  grown  by  the 
traveling  heater  method  (THM)  described  in  a  previous  paper 
[11].  The  ingot  was  15  mm  ID  and  150  mm  length,  and  the 
growth  rate  was  8  mm/day.  In  these  conditions,  the  required 
relation  [12] : 

R.AT  <  D.G  (1) 

to  avoid  constitutional  supercooling  is  satisfied,  where  R  is 
the  growth  rate,  AT  the  temperature  difference  between 
liquidus  and  solidus  (AT  =  10°C  for  Bio.96Sbo.04  [13]),  G 
the  temperature  gradient  (estimated  at  35°C/cm),  and  D  the 
binary  alloy  liquid  diffusion  constant  (about  10'5  cm2/s,  as 
evaluated  by  Brown  and  Heumann  [13]).  After  about  two 
centimeters,  the  grown  ingot  was  composed  almost  entirely  of 
one  single  grain.  Detailed  investigations  of  the  grown  alloys, 
using  an  electron  beam  microprobe,  show  that  a  high  degree 
of  homogeneity  is  obtained  on  a  microscopic  scale  [5]. 
However,  some  composition  variations  along  the  ingot  have 
been  found  which  are  believed  to  be  due  to  changes  in  the  size 
of  the  molten  zone  caused  by  asymmetric  thermal  losses 
during  the  growth.  These  fluctuations  are  especially 
appreciable  at  the  two  ends  of  the  ingot  while  the 
inhomogeneity  of  the  central  part  is  rather  small,  as  shown  in 
figure  3. 

To  obtain  values  for  the  twelve  phenomenologically 
independent  constants,  it  is  necessary  to  perform  experiments 
using  a  number  of  crystals  with  various  orientations  of  the 
magnetic  field  B  and  the  current  density  I .  We  used  four 
samples.  The  correct  crystallographic  orientation  of  the 
samples  was  determined  by  Laue  photographs  on  basal  planes 
obtained  by  cleaving  the  crystals  in  liquid  nitrogen.  The 
orientation  and  probe  arrangements  are  reported  in  [5].  The 
measurements  were  performed  with  a  well  adapted  set-up 
allowing  strict  isothermal  conditions  for  the  samples.  A 
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detailed  description  of  the  set-up  and  the  measurement 
techniques  are  given  elsewhere  [5,14]. 


0  20  40  60  80  100  120 

Scan  distance  (mm) 

Figure  3:  Longitudinal  variation  in  Sb  content  as  determined 
by  electron  microprobe  analysis  in  the  Bio.96Sbo.04  ingot. 

Results 

The  temperature  dependence  of  the  twelve  galvanomagnetic 
coefficients  and  the  two  components  of  the  thermopower  is 
reported  in  [10].  The  variations  of  the  large  calculated 
mobilities  of  electrons  m  and  p.3  and  holes  Vi  versus 
temperature  are  represented  in  Fig.  4.  We  also  include  in  the 
graph  those  obtained  with  pure  bismuth  [4]  for  comparison. 


10  100  1000 

T  (K) 

Figure  4:  Temperature  dependence  of  carrier  mobilities  in 
Bio.96Sbo.o4  and  in  Bi  [4], 


The  electron  mobilities  follow  a  T-7  6  law  whereas  vi 
follows  a  T'6  7  law.  It  can  be  seen  that  the  difference  between 
electron  and  hole  mobilities  is  more  important  in  the  alloy 
than  in  Bi. 

Figure  5  shows  the  variation  of  the  carrier  density  with 
temperature  from  78  to  300  K  in  the  alloy.  The  carrier  density 
varies  from  3. 1023  to  1025  m'3.  The  carrier  density  in  alloy 
thus  changes  by  roughly  two  orders  of  magnitude  from  78  to 
300  K  which  is  more  than  in  pure  bismuth  (see  Fig.  5). 


10  100  1000 


T(K) 

Figure  5:  Variation  of  carrier  concentration  with  temperature 
in  Bio.96Sbo.04  alloy  and  in  Bi  [4], 

The  adjustable  parameters  found  by  the  least-squares  method 
were  used  to  calculate  the  Hall  and  magnetoresistance  factors 
of  electrons  in  alloy.  Their  variation  with  temperature  is 
reported  in  Fig.  6.  It  can  be  seen  that  the  Hall  and 
magnetoresistance  factors,  A  and  M.  differ  from  unity, 
especially  for  temperatures  higher  than  150  K.  Moreover,  the 
values  are  higher  in  the  alloy  than  in  Bi  [4],  The  deviation 
from  unity  arises  from  the  energy  dependence  of  the  relaxation 
Hmp.  in  the  case  of  a  highly  non  parabolic  conduction  band.  A 
direct  experimental  proof  of  this  deviation  from  unity,  is 
reported  in  [10],  in  an  analysis  of  several  galvanomagnetic 
coefficients. 
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Figure  6:  Temperature  dependence  of  A  and  M  in 
Bio.96Sbo.04  alloy. 
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Conclusion 

Carrier  mobilities  and  densities  were  calculated  in 
Bio.96Sbo.04  alloy  in  the  temperature  range  78-300  K  from  a 
theoretical  model.  The  adjustable  parameters  are  found  by  the 
least-squares  method  from  the  experimental  values  of  the 
twelve  galvanomagnetic  coefficients  in  weak  magnetic  field 
and  of  the  two  components  of  the  thermopower.  Effect  of 
alloying  affects  more  hole  than  electron  mobilities. 

The  deviation  from  unity  of  the  Hall  and  magnetoresistance 
factors  of  electrons  is  more  pronounced  in  alloy  than  in  Bi. 

The  extension  of  this  study  to  other  antimony  contents, 
especially  in  the  semi-conducting  range,  is  the  next  step  for 
modelisation  of  transport  properties.  Such  investigations 
should  undoubtedly  contribute  to  a  best  comprehension  of 
scattering  mechanisms  in  these  alloys  . 
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Abstract 

The  problems  associated  with  the  non-ideal  boundary 
conditions  that  usually  hold  in  practical  galvanomagnetic  and 
thermomagnetic  measurements  are  described.  It  is  then  proposed 
that  a  novel  technique  should  be  used  to  overcome  these  problems. 
This  technique  involves  the  use  of  samples  of  different  length-to- 
width  ratio.  Any  particular  longitudinal  thermo-galvanomagnetic 
coefficient  varies  with  this  ratio  and  it  is  shown  how  the  value  of 
the  coefficient  for  zero  transverse  flow  can  be  obtained.  All  the 
potential  measurements  are  made  at  the  end  contacts  and  there  is 
no  need  to  apply  probes  to  the  side  faces.  This  method  is 
especially  easy  to  use  for  polycrystalline  material  since  a  single 
sample,  in  which  the  width  and  breadth  are  different,  is  then 
sufficient.  Examples  of  the  applications  of  the  technique  to  a  Bi- 
Sb  alloy  are  given. 

Introduction 

It  is  well  known1  that  the  boundary  conditions  can  have 
a  profound  effect  on  the  values  of  the  thermo-galvanomagnetic 
coefficients  of  a  semiconductor. 

There  are  two  ideal  conditions.  In  one  of  these  there  is 
no  transverse  electric  field  or  temperature  gradient,  while  in  the 
other  there  is  no  transverse  flow  of  electric  current  or  heat.  The 
first  condition  is  approached  when  the  length  of  the  sample  is  very 
small  compared  with  its  width  in  the  direction  perpendicular  to  the 
transverse  magnetic  field  and  can  sometimes  be  realized  by  use  of 
the  so-called  Corbino  disc  configuration.2  The  other  condition  is 
approached  when  the  sample  is  exceedingly  long  compared  with 
its  width.  In  practice,  it  is  convenient  to  use  samples  that  are 
rectangular  parallelepipeds  with  a  length  that  is  not  many  times 
greater  than  their  width.  The  galvanomagnetic  coefficients  for 
zero  transverse  electric  current  can,  in  principle,  be  determined  to 
a  high  degree  of  accuracy  if  the  Hall  probes  are  at  least  two 
sample  widths  from  either  of  the  end  contacts  and  the 
magnetoresistance  probes  are  at  least  one  sample  width  from  the 
ends.3  However,  it  is  difficult  to  determine  the  thermomagnetic 
coefficients  for  zero  transverse  current  or  heat  flow  since 
thermometric  measurements  other  than  at  the  ends  of  the  sample 
are  rather  unreliable.  Furthermore,  the  act  of  applying  potential 
probes  or  thermometers  to  the  side  faces  of  a  sample  invariably 
has  some  effect  on  the  flow  pattern. 

What  is  really  desirable  is  the  development  of  some 
method  by  which  the  longitudinal  coefficients  for  one  or  other  of 
the  ideal  configurations  can  be  calculated  from  measurements 
using  a  non-ideal  arrangement  without  the  need  for  probes  on  the 
side  faces.  It  is  our  present  purpose  to  outline  such  a  method. 

Principle  of  the  Method 

The  new  method  makes  use  of  samples  of  rectangular 
parallelepipedal  shape  with  as  great  a  length  x  as  possible  and  with 
a  range  of  values  of  the  width  y  perpendicular  to  the  direction  of 
the  transverse  magnetic  field  Bz.  Preferably  all  the  values  of  y 


should  be  very  much  less  than  x.  Clearly,  the  condition  of  zero 
transverse  electric  current  and  heat  flow  is  more  closely 
approached  as  y/x  becomes  smaller.  We  show  that  the  variation 
of  a  particular  coefficient  with  the  ratio  y/x  can  be  used  to  predict 
its  value  for  an  ideal  sample  of  infinite  length. 

Let  us  suppose  that  any  sample  be  divided  into  two 
regions.  One  region  is  the  central  section  that  is,  say,  at  least  one 
sample  width  y  from  the  ends.  The  other  region  consists  of  the 
end  sections  that  are  within  y  from  the  ends.  In  the  central  region, 
any  longitudinal  coefficient  will  take  up  the  value  C  for  the  ideal 
long  sample.  Within  the  other  region,  the  coefficient  will  vary  but 
may  be  assumed  to  have  some  effective  value  C*  intermediate 
between  that  for  veiy  long  and  veiy  short  samples.  Suppose,  then, 
that  the  observed  coefficient  is  Cr  for  a  sample  of  length-to-width 
ratio  r  =  x/y.  The  value  of  Cr  will  be  a  weighted  average  of  C  and 
C*  and  will  be  given  by  [(x-2 y)C  +  2yC*]/x.  Thus, 

Cr=(i--K>(-X".  (l) 

r  r 

Clearly,  C*  can  be  eliminated  by  plotting  Cr  against  Mr.  The 
required  ideal  coefficient  C  is  equal  to  the  intercept  of  the  linear 
plot  with  the  Cr  axis. 

We  would  expect  the  plot  to  become  non-linear  for 
values  of  r  less  than  about  2,  since  there  would  then  be  no  region 
of  the  sample  for  which  transverse  flow  would  be  negligible. 
However,  it  should,  in  principle,  be  possible  to  determine  C  from 
only  two  samples  with  different  values  of  r  provided  that  both 
values  were  greater  than  about  2.  The  larger  the  length-to-width 
ratios  for  the  two  samples,  the  greater  would  be  the  accuracy. 

Polycrystalline  Material 

The  application  of  our  technique  for  the  determination  of 
the  coefficients  for  zero  transverse  flow  is  particularly  simple  if 
the  material  is  polycrystalline  and  randomly  oriented  (or  if  the 
coefficients  do  not  depend  on  the  direction  of  the  magnetic  field). 
In  this  case,  one  can  use  a  single  sample  provided  that  its  width 
differs  significantly  from  its  breadth  and  that  both  these 
dimensions  are  substantially  smaller  than  its  length. 

Consider  the  two  specimens  shown  in  figure  1  (a)  and  (b). 
Both  specimens  have  the  same  length-to-width  ratio  although  the 
actual  lengths  and  widths  are  different.  Suppose  that  an  electric 
current  is  passed  from  one  end  to  the  other  in  each  case  and  that  a 
transverse  magnetic  field  is  applied.  The  equipotential  surfaces 
will  take  the  shapes  shown  schematically  in  the  two  diagrams. 
Now,  suppose  that  the  breadth  of  the  larger  sample  (a)  is  equal  to 
file  width  of  the  smaller  sample  (b)  and  that  the  larger  sample  is 
rotated  so  that  the  magnetic  field  is  then  perpendicular  to  its 
breadth.  The  new  equipotentials  are  shown  schematically  in  figure 
1(c).  The  disturbed  equipotentials  in  the  region  of  the  end 
contacts  are  clearly  the  same  in  (c  )  and  (b).  The  effect  of  rotating 
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the  sample  (a)  is  to  provide  us  with  two  samples  of  different 
length-to-width  ratio.  We  can,  therefore,  apply  equation  (1)  to  the 
two  orientations  and  eliminate  C*  to  obtain  the  coefficient  C. 

We  have  described  the  determination  of  the 
magnetoresistance  coefficient  but  die  same  arguments  would  apply 
for  any  of  the  other  longitudinal  coefficients  e.g.  the  magneto- 
Seebeck  coefficient  and  the  magneto-thermal  conductivity. 


K  A  MAGNETIC 
\Q>  FELD  , 


^  DISTORTED  UNDKTORTED  ^  DISTORTED  > 

REGION  REGION  ;  REGION 
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I 
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Figure  1.  Equipotentials  for  a  current-carrying  sample  in  a 
transverse  magnetic  field,  (a)  Large  sample,  (b)  Small  sample 
with  the  same  length-to-width  ratio,  (c  )  Large  sample  rotated 
through  90  ° .  The  new  width  is  the  same  as  that  of  the  small 
sample. 

Experimental  Data 

We  illustrate  the  technique  for  the  determination  of  the 
magnetoresistance  coefficient  of  undoped  polycrystalline  Bi88Sb12 
at  100  K. 

We  selected  samples  of  about  5  mm  length  with  length- 
to-width  ratios  r  between  2  and  5.  We  measured  the  electrical 
resistance  between  the  ends  of  each  sample  in  transverse  magnetic 
fields  from  zero  to  1  T.  The  electrical  resistivity  is  plotted  against 
1/r  in  figure  2.  As  predicted,  the  plots  are  linear  and  allow  the 
resistivity  for  zero  transverse  current  to  be  determined  accurately 
from  the  intercept  with  the  vertical  axis. 
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Figure  2.  Plots  of  electrical  resistivity  between  the  ends  of 
samples  of  BiggSb12  as  a  function  of  the  width-to-length  ratio,  1/r, 
in  different  magnetic  fields. 

We  have  also  attempted  to  apply  the  method  to  the  magneto- 
Seebeck  coefficient  and  the  magneto-thermal  resistance  but  have 
not  yet  achieved  the  same  success.  This  is  because  there  is 
significantly  greater  error  in  the  measurements  of  these  two 
parameters.  Thus,  as  shown  in  figure  3,  the  Seebeck  coefficient 
definitely  tends  to  become  more  negative  as  1/r  falls  to  zero,  but 
the  intercept  cannot  be  determined  very  accurately.  The  results  are 
shown  for  fields  of  0.5  T  and  1  T. 


Figure  3.  Plot  of  Seebeck  coefficient  against  1/r  for  Bi88Sb12 
in  a  field  of  (a)  0.5  T  and  (b)  1.0  T. 
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There  is  even  more  scatter  for  the  thermal  conductivity 
data  than  for  the  Seebeck  coefficient  data  and  one  cannot  even 
determine  the  trend  of  the  former  quantity  as  Hr  changes.  It  may 
be,  in  fact,  that  the  magneto-thermal  resistance  coefficient  is  only 
slightly  dependent  on  the  length-to-width  ratio  because  the  lattice 
conductivity  acts  to  reduce  any  transverse  temperature  gradients 
that  would  otherwise  exist. 

Conclusions 

It  is  concluded  that  the  technique  that  has  been  described 
allows  the  longitudinal  thermo-galvanomagnetic  coefficients  to  be 
determined,  for  the  condition  of  zero  transverse  flow,  without  the 
requirement  of  probes  attached  to  the  side  faces  of  the  samples. 
For  polyciystalline  material,  only  a  single  sample  is  needed  but  at 
least  two  samples  of  different  length-to-width  ratio  would  be 
needed  for  single  crystal  material. 
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Abstract 

This  paper  is  devoted  to  the  study  of  the  transport  properties  of 
polycrystalline  Bi86.sSbi3  5  alloys.  Pellets  of  polycrystalline 
alloys  were  prepared  by  cold  pressing  and  sintering  of  ultrafine 
powders.  The  average  grain  size  of  the  bulk  materials  was 
adjusted  from  0.1  pm  to  200  pm.  The  influence  of  the 
microstructure  and  the  grain  size  on  both  electrical  and  thermal 
conductivity,  thermoelectric  power  and  thermoelectric  figure  of 
merit  is  presented. 

Introduction 

Bi-rich  bismuth-antimony  alloys  are  semiconducting  materials 
known  for  their  thermoelectric  properties  for  temperature 
below  210  K  [1].  The  properties  of  Bi-Sb  single  crystals  are 
strongly  anisotropic.  Their  best  thermoelectric  performances 
are  observed  along  their  trigonal  axis.  However  the  lamellar 
structure  confers  to  the  single  crystals  a  high  aptitude  to 
cleavage  along  the  trigonal  planes  which  has  largely  prevented 
the  use  of  Bi-Sb  alloys  in  thermoelectric  devices.  The  use  of 
polycrystalline  Bi-Sb  alloys  with  a  fine  grain  size  could 
eliminate  the  cleavage  problems.  Nevertheless  the 
microstructure  will  affect  the  transport  properties  of  the  alloys 
because  of  electron  and  phonon  scattering  at  the  grain 
boundaries.  A  recent  theory  predicts  that  for  grain  size  lower 
than  5  pm,  phonon  scattering  at  the  grain  boundaries  should 
become  noticeable  [2].  In  a  previous  work,  Suse  et  al.  reported 
that  sintered  polycrystalline  BissSbn  alloys  with  a  mean 
grain  size  of  about  5  pm  present  a  thermoelectric  figure  of 
merit  twice  larger  than  that  of  single  crystal  at  155  K  [3]. 
More  recently  Volckmann  et  al.  studied  the  effect  of  grain  size 
(between  1  pm  and  19  pm)  on  both  thermal  conductivity  and 
electrical  resistivity  [4].  They  observed  that  the  thermal 
conductivity  decreases  as  the  grain  size,  but  they  didn’t  notice 
any  enhancement  of  the  figure  of  merit  because  of  a 
dominating  concurrent  decrease  in  the  electrical  conductivity. 
The  purpose  of  the  present  work  is  to  study  the  influence  of 
grain  size  on  thermoelectric  properties  of  submicrometric  and 
micrometric  polycrystalline  Bis6.5Sbi3.5  alloys. 

Experimental  procedure 

Polycrystalline  samples  were  prepared  by  sintering 
Bi86.5Sbi3.5  powders.  The  fine  powders  of  Bi-Sb  alloy  were 
produced  by  pulverising  a  prealloyed  ingot  in  an  arc-plasma 
furnace  in  an  argon-hydrogen  atmosphere.  Three  powders  with 
an  average  grain  size  of  0.06,  0.3  and  0.8  pm  were  prepared. 
The  scatter  of  the  antimony  content  between  the  grains  of  the 
powder  was  evaluated  lower  than  3  at%  of  the  average  content 
by  electron  microprobe  on  population  of  about  hundred  grains. 
A  complete  description  of  the  powder  elaboration  was 


previously  published  [5].  The  powders  were  collected,  stored 
and  cold  pressed  in  a  glove  box  under  a  high  purity  argon 
atmosphere  (O2<0.5  ppm)  to  avoid  any  oxygen  pollution. 
Pellets  (13  mm  of  diameter  and  3  mm  of  high)  were  obtained 
by  cold  pressing  of  freshly  synthesised  powders  in  an 
evacuated  stainless  steel  die.  To  increase  the  sintering  and  to 
further  the  grain  growth  some  cold  pressed  samples  were 
annealed  in  vacuum  during  one  to  ten  hours  at  250°C,  275°C 
and  290°C.  The  density  of  the  pellets  was  determined  by  the 
Archimedes  method.  The  average  grain  size  of  consolidated 
samples  was  determined  from  scanning  electron  micrographs 
of  cross  sections  of  pellets. 

Parallelepiped-shaped  samples  cut  from  the  pellets  were  used 
for  the  investigation  of  the  transport  properties.  Typical 
dimensions  of  a  sample  were  1.5x1.8x12  mm3.  The  electrical 
resistivity  was  measured  by  the  four  probe  method  and  the 
thermoelectric  figure  of  merit  was  evaluated  by  the  Harman 
method.  The  thermoelectric  power  was  measured  by  means  of 
a  heat  and  sink  method,  i.e.  by  establishing  a  stationary 
temperature  gradient  by  supplying  heat  at  one  end  of  the 
sample,  while  the  other  end  is  remained  at  constant 
temperature.  The  thermal  conductivity  was  deduced  from  the 
three  previous  factors.  Transport  measurements  were  performed 
from  75  K  to  330  K. 

Results  and  discussion 

The  surface  state  of  the  powders  and  their  average  diameter 
have  strong  influence  on  the  cold  consolidation.  As  it  is 
shown  in  figure  1,  the  density  of  the  pellets  made  with  fresh 
and  uncontaminated  powders  is  always  higher  than  that  made 
with  powders  shortly  exposed  to  air  just  before  pressing.  For 
such  air  contaminated  powders  the  grains  diameter  seems  to 
have  any  influence  on  the  density  of  the  pellets.  The 
uncontaminated  powders  of  diameter  0.3  pm  sintered  better 
than  the  other  uncontaminated  powders  does  for  pressure  lower 
than  500  MPa.  For  higher  pressure  a  relative  density  higher 
than  97  %  was  reached  whatever  the  average  grain  size  of  the 
powder. 

Figure  2  present  a  SEM  micrograph  of  a  cross  section  of  a 
600  MPa  cold  pressed  powder.  Most  of  the  grains  appear 
equiaxed.  They  have  a  faceted  morphology  whereas  the  grains 
of  the  powder  had  a  spherical  shape  before  pressing.  Cold 
pressing  clean  powders  leads  to  a  sintering  of  the  powders.  At 
the  same  time  a  small  grain  growth  occurs.  However  we  have 
observed  the  grain  growth  remained  limited  to  twice  the  initial 
average  diameter  of  the  powder.  For  example,  a  polycrystalline 
alloy  with  a  relative  density  of  97  %  and  with  a  grain  size  of 
0.11  pm  was  prepared  by  cold  pressing  at  600  MPa  a  powder 
of  an  average  diameter  of  0.06  pm. 
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Cold  Pressing  Pressure  (MPa) 


Figure  1:  Influence  of  the  pressure  and  the  grain  size  on  the 
relative  density  of  pellets;  Open  markers  fresh  powders;  Solid 
markers  air-contaminated  powders. 


Figure  2:  SEM  micrograph  of  a  cross  section  of  a  600  MPa 
cold  pressed  0.8  pm  powder.  Horizontal  axe  =  pressing  axe. 
Mean  diameter  of  grains  =  1.6  pm. 

To  allow  the  grain  growth,  some  pellets  were  annealed. 
Micrographs  on  figure  3  displays  the  microstructures  which 
can  be  obtained  by  heating  a  0.3  pm  cold  compacted  powder. 
The  mean  diameter  of  the  grains  was  initially  0.45  pm  in  the 
bulk  samples  before  the  heat  treatments.  The  microstructure 
presented  in  figure  3-c  was  obtained  by  heating  specimen  at 
temperature  near  the  solidus  line  in  order  to  promote  the 
growth  in  presence  of  a  small  quantity  of  a  liquid  phase.  For 
this  treatment,  some  small  solidified  droplets  have  been 
observed  after  the  annealing  on  the  surface  of  the  pellets.  A 
part  of  the  molten  phase  which  allowed  the  grain  growth 
moved  up  to  the  surface  of  the  sample  and  let  a  few  large  voids 
inside  the  pellets.  Starting  with  a  cold  compacted  sample 
having  grains  of  mean  size  of  0.1  pm,  it  was  possible  to 
control  the  grain  size  of  the  sintered  sample  from  0.1  pm  up 
to  200  pm  by  a  suitable  annealing.  Polycrystalline  compacted 
powders  with  relative  density  larger  than  97  %  and  with  mean 
grain  sizes  respectively  of  0.11  pm,  0.80  pm,  2.5  pm  and 
100  pm  were  prepared  to  measure  the  effect  of  the 
microstructure  on  the  thermoelectric  properties. 


Figure  3:  SEM  micrographs  samples  obtained  from  a 
600  MPa  cold  pressed  and  vacuum  annealed  0.3  pm  powder. 

a)  heated  lh  at  250°C;  average  diameter  of  grains  =  0.8  pm. 

b)  annealed  lOh  at  275°C;  mean  diameter  of  grains  =  2.5  pm. 

c)  annealed  lOh  at  290°C;  mean  diameter  of  grains  =  200  pm. 

Because  of  the  strong  anisotropy  of  Bi-Sb  single  crystals,  we 
compare  the  transport  properties  of  the  polycrystalline  samples 
with  those  of  a  single  crystal  of  an  intermediate  orientation. 
The  transport  property  of  a  single  crystal  of  an  intermediate 
orientation  was  deduced  from  the  arithmetic  mean  of  data 
measured  along  the  trigonal  axis  and  along  the  binary  axis  [6]. 
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Figure  4:  Influence  of  the  grain  size  on  the  transport  properties 
of  polycrystalline  Bisg  sSbn.s  alloy,  (a) Electrical 
resistivity  (b)  Thermal  conductivity  (c)  Seebeck  coefficient 
(d)  Thermoelectric  figure  of  merit. 


The  polycrystalline  sample  with  the  largest  grain  size 
(200  pm)  present  the  same  behaviour  than  the  single  crystal 
from  80  K  to  room  temperature  (figure  4). 

The  resistivity  of  micrometric  and  submicrometric 
polycrystalline  samples  decreases  when  the  temperature 
increases.  For  grain  size  lower  than  1  pm  the  resistivity  is 
always  higher  than  that  of  single  crystal  and  is  eight  time 
larger  at  80  K.  Micrometric  specimen  present  an  intermediate 
behaviour.  The  level  of  its  electrical  resistivity  is  near  those  of 
fine  grained  materials  and  reaches  that  of  single  crystal  at  room 
temperature  (figure  4a). 

The  thermal  conductivity  of  all  the  studied  samples  increases 
with  the  temperature.  Nevertheless  the  level  of  the  thermal 
conductivity  is  all  the  lower  than  the  mean  grain  size  is  small. 
The  thermal  conductivity  of  a  0.11  pm  alloy  is  more  than 
twice  lower  than  that  of  the  single  crystal  at  80  K  and  more 
than  three  times  lower  at  300  K.  These  experimental  data 
confirm  that  phonon  scattering  at  grain  boundaries  produce 
significant  reduction  in  thermal  conductivity. 

At  low  temperature  the  thermoelectric  power  of  polycrystalline 
alloys  is  always  lower  than  that  of  the  single  crystal.  Small 
grained  samples  exhibit  a  very  low  Seebeck  coefficient  at 
80  K.  The  values  increase  slowly  with  the  temperature  to 
reach  a  maximum  an  then  slowly  decreases.  For  temperatures 
higher  than  200  K  the  Seebeck  coefficient  values  of 
polycrystalline  samples  become  comparable  to  that  of  single 
crystal. 

The  thermoelectric  figure  of  merit  of  the  single  crystal  and 
large  grained  polycrystalline  specimen  decreases  monotonously 
when  the  temperature  increases.  For  fine  grained  alloys  the 
thermoelectric  figure  of  merit  increases  with  the  temperature  to 
reach  a  maximum  and  decrease  monotonously  for  higher 
temperatures.  The  maximum  is  all  the  more  shifted  towards 
higher  temperatures  than  the  grain  size  diminishes.  The 
decrease  of  the  thermal  conductivity  obtained  for  the  small 
grain  sizes  is  not  sufficient  to  compensate  the  decrease  of  the 
electrical  conductivity.  The  decrease  of  the  grain  size  leads  to  a 
decrease  of  the  thermoelectric  figure  of  merit. 

The  effects  observed  on  the  transport  properties  are  probably 
due  to  carrier  scattering  at  the  grain  boundaries.  Nevertheless  a 
part  of  the  measured  effects  may  be  a  manifestation  of  an 
additional  scattering  mechanism  induced  by  other  defects  such 
as  porosity.  The  effect  of  porosity  was  then  considered.  In 
order  to  study  the  influence  of  porosity,  two  samples  were 
prepared  by  cold  pressing  a  0.8  pm  sized  powder.  The  first 
one  has  14  %  of  porosity  and  the  second  one  only  3  %.  The 
mean  grain  size  of  these  two  samples  is  about  1  pm.  The 
results  reported  figure  5  allow  to  appreciate  the  effects  induced 
by  the  porosity  on  the  transport  properties. 

Significant  effects  of  porosity  ware  observed  on  both  thermal 
conductivity  and  electrical  resistivity.  The  decrease  of  the 
thermal  conductivity  is  more  significant  at  low  temperature 
probably  because  of  the  dominating  of  the  electronic 
component  of  the  thermal  conductivity  at  high  temperature.  It 
can  be  noticed  that  porosity  largely  increases  the  resistivity  of 
polycrystalline  alloy. 

The  porosity  have  a  very  low  infuence  on  the  thermoelectric 
power  as  it  is  shown  on  figure  5  (c). 
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Figure  5:  Influence  of  the  porosity  of  1.5  pm  polycrystalline 
cold  pressed  samples  on:  a)  Electrical  resistivity  b)  Thermal 
conductivity  c)  Seebeck  coefficient  d)  Thermoelectric  figure  of 
merit. 


The  decrease  of  the  electrical  conductivity  being  greater  than 
that  of  the  thermal  conductivity,  the  thermoelectric  figure  of 
merit  is  lower  for  the  porous  specimen. 

Conclusion 

The  use  of  BiSb  ultrafine  powders  is  powerful  to  elaborate 
polycrystalline  alloys  with  controlled  microstructure.  The 
transport  properties  of  polycrystalline  BiSb  alloy  are  strongly 
affected  by  their  microstructure.  The  polycrystalline  BiSb 
sample  that  were  prepared  exhibit  thermal  conductivities  that 
decrease  with  grain  size.  Nevertheless  a  dominating  concurrent 
decrease  in  electrical  conductivity  results  in  a  decrease  of  the 
thermoelectric  figure  of  merit  The  apparent  dependence  of  the 
thermal  conductivity  on  grain  size  suggests  that  scattering  of 
phonons  is  occurring  at  the  grain  boundaries. 
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Abstract 

Sintered  Bi  was  prepared  by  using  the  plasma-treated  powder  in 
order  to  improve  their  thermoelectric  figure  of  merit.  Surfaces 
of  Bi  raw  powder  were  modified  in  the  Ar,  H2,  02  and  SbCl3 
rf-plasmas  prior  to  sintering,  and  Bi  was  sintered  using  the 
powder  obtained  by  the  spark  plasma  sintering.  For  Bi 
samples  sintered  using  02  plasma-treared  powder,  the  electrical 
conductivity  a  was  increased  in  spite  of  growth  of  Bi  oxcides, 
as  compared  with  that  of  the  untreated  one.  The  increase  in  a 
is  attributed  to  the  increase  in  the  carrier  concentration.  As  a 
result,  the  thermoelectric  figure  of  merit  at  room  temperature 
was  improved  1.5  times  as  high  as  that  of  the  untreated  one. 
The  improvement  of  thermoelectric  properties  of  sintered  Bi 
was  observed  also  in  the  case  of  other  gas  plasma  treatment. 

Introduction 

The  alloying  of  Bi  with  Sb  constitutes  ^continuous  solid 
solution  with  a  rhombohedral  structure  (R3m)  [1].  In  Bi-Sb 
alloys,  BiggSbjo  is  well  known  as  a  n-type  thermoelement  with 
the  significantly  high  thermoelectric  figure  of  merit  at  low 
temperatures  [2].  Therefore,  this  material  has  been  expected  to 
be  applied  to  the  thermoelectric  cooling,  and  has  been  desired 
to  further  improve  their  thermoelectric  performance.  We  has 
tried  to  improve  the  thermoelectric  properties  of  Bi-Sb  sintered 
alloys  by  controlling  their  structures  using  Bi-Sb  fine  particles 
[3]. 

As  one  of  techniques  for  improvement  of  properties  of 
thermoelectric  materials,  the  plasma  treatement  of  powder  of 
thermoelectric  materials,  which  is  a  non  equilibrium 
technique,  has  been  attempted  [4].  Using  this  technique,  there 
is  possibility  that  the  carrier  conduction  and  phonon  scattering 
can  be  controlled  by  changing  the  micro-structure  of 
thermoelectric  sintered  materials.  This  control  can  not  be 
realized  by  the  conventional  melt  process. 

We  has  been  investigated  the  thermoelectric  properties  of  Bi 
sintered  using  the  plasma  treated  powder  as  a  preliminary 
experiment  in  order  to  improve  the  thermoelectric  performance 
of  Bi-Sb  alloys.  In  this  paper,  we  report  some  results  on  the 
thermoelectric  properties  of  Bi  sintered  using  02,  Ar,  H2  and 
SbCl3-plasma-treated  powder.  We  adopted  further  two  new 
techniqes,  the  hydrogen  plasma-metal  reaction  method[5]  and 
the  spark  plasma  sintering  method[6].  The  hydrogen 
plasma-metal  reaction  method  was  used  for  obtaining  Bi  fine 
particles  of  several  \im  in  diameter.  The  spark  plasma 
sintering  method  was  used  for  sintering  Bi.  In  this  paper,  the 
results  of  02-plasma  treatment  are  mainely  di  serf  bed  Finally, 


the  results  of  thermoelectric  figure  of  merit  of  sintered  Bi 
treated  using  other  gases  are  summarized. 

Experimental  Procedure 

rf-plasma  treatment 

Bi  powder  of  ^2p,m  in  dameter  was  generated  by  the 
hydogen  plasma-metal  reaction  method  [5].  The  treatment  of 
Bi  powder  obtained  was  performed  by  using  the  plasma  reactor 
as  shown  in  Fig.  1.  Powder  is  set  in  the  container  with  a 
rotating  fin,  and  was  jumped  up  to  the  plasma  region  by 
rotating  the  fin.  Reactive  gases  was  introduced  from  the 
powder  container.  The  plasma  was  generated  by  the  induction 
coil  to  which  a  voltage  with  rado  frequency  (rf:  13.56MHz) 
was  applied  By  exposing  the  powder  to  the  plasma,  surfaces 
of  the  powder  is  modfied,  for  example  oxidation,  coating, 
etching  etc.  In  this  stucty,  the  plasma  treatment  of  Bi  powder 
was  carried  out  at  a  rf-power  of  500W  and  at  a  pressure  0.2 
Torn  for  0.5~2  hours  in  an  02,  Ar,  H2  and  SbCl3  atmosphere. 
The  SbCl3,  which  is  solid  at  room  temperature,  was 
evaporated  at  240°C ,  and  was  introduced  into  the  plasma 
reactor  with  H2  carrier  gas.  For  02  and  H2  gas,  we  expected 
that  surfaces  of  Bi  powder  was  oxidzed  and  reduced, 
respectively.  For  Ar  gas,  the  atomic  state  of  surfaces  was 
expected  to  be  dsordendby  bombardment  of  Ar+  ions,  leadng 


To  pump 


Fig.l  Schematic  dagram  of  rf-plasma  processing  system  for 
treating  Bi  powder. 
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26  (deg.) 


Fig.2  XRD  patterns  of  02-plasma-treated  powder. 

to  improvement  of  the  density  of  sintered  Bi.  The  coating  of 
Sb  was  expected  by  using  SbCl3  gas  which  was  decomposed 
into  Sb  and  HC1  gases  by  reacting  the  SbCl3  gas  to  the  H2 
carrier  gas. 

Sintering  of  Bi  samples 

Using  Bi  powder  which  was  treated  with  02,  Ar,  H2  and  SbCl3 
gases,  Bi  samples  was  sintered  by  the  spark  plasma  sintering 
at  240 °C  and  30MPa  for  lOmin  in  an  Ar  atmosphere.  For 
comparison,  Bi  samples  was  sintered  using  non-treated  Bi 
powder  at  the  same  conditions.  In  this  sintering,  joule  heat 
and  plasma  energy  are  supplyed  to  powder  particles  by  passing 
a  pulsed  current  under  an  high  pressure.  As  a  result,  surfaces  of 
powder  are  activated  and  is  effectively  heated  [6],  which  make 
it  possible  to  sinter  thermoelectric  materials  with  a  high 
density  at  low  temperatures  and  for  short  sintering  times. 

Measurements 

The  obtained  powder  was  identified  by  the  x-ray  dffractometiy 
(XRD)  analysis.  The  density  of  samples  was  measured  by 
immersion  technique  using  dstilled  water  as  the  licpid  The 
Hall  measurements,  from  which  the  carrier  concentration  n  and 
Hall  mobility  nH  were  calculated,  were  measured  in  the 
temperature  range  from  90  to  300K.  Measurements  of  the 
Seebeck  coefficient  S  were  performed  by  the  standard  technique 
in  the  temperature  range  from  90  to  300K.  The  temperature 
dfference  between  high  and  low  temperature  electrodes  was  set 
at  5K.  The  electrical  conductivity  a  was  measured  by  the 
standard  four  probe  method  at  temperatures  ranging  from  90  to 
300K.  The  thermal  conductivity  k  values  were  determined  by 
using  the  laser  flush  method  at  room  temperature. 


Fig.3  Temperature  dependence  of  electrical  conductivity  cr  of 
sintered  Bi. 


Temperature  T  (K) 


Fig.4  Temperature  dependence  of  Seebeck  coefficient  S  of 
sintered  Bi. 

Results  and  Discussion 

Figure  2  shows  the  x-ray  diffraction  patterns  of 
02-plasma-treated  powder  at  various  plasma  treatment  times, 
as  compared  with  that  of  non-treated  powder.  In  these  patterns 
of  the  02-plasma-treated  powder,  diffraction  peaks  of  P-Bi203, 
6-Bi203  were  identified  in  addttion  to  a  peak  of  Bi.  Their  peaks 
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Fig. 5  Thermal  conductivity  k  at  room  temperature. 

intensity  increases  with  an  increase  in  the  plasma  treatment 
time.  From  the  result,  it  was  found  that  the  surfaces  of  Bi 
powders  were  oxidized  by  02-plasma  treatment. 

Figure  3  shows  the  temperature  dependence  of  electrical 
conductivity  a  for  the  sintered  Bi.  Since  Bi  is  a  semimetal,  a 
decreases  with  increasing  temperature.  As  the  plasma 
treatment  time  was  increased  up  to  1.5  hours,  the  values  of  a 
increase  in  the  whole  temperature  range  in  spite  of  oxidation 
of  the  powders  as  shown  Fig.2.  Above  the  treatment  time  of 
2  hours,  the  values  of  a  decrease,  as  contrasted  with  the 
former  case.  In  order  to  investigate  the  reason  for  the  increase 
in  a,  Hall  measurements  were  performed.  The  carrier 
concentration  n  increased  up  to  1.5  hours  and  decreased  above 
this  time  as  the  plasma  treatment  time  was  increased  The 
Hall  mobility  j iH  was  hardly  changed  except  for  the  sample 
treated  at  1 .5  hours.  The  values  of  \iH  for  the  sample  treated  at 
1.5  hours  were  slightly  larger  than  those  for  other  samples. 
From  these  results,  it  was  found  that  the  increase  in  a  is 
attributed  to  the  increase  in  n.  Oxygen  is  a  VI  element  and  is 
expected  to  acted  for  Bi  of  a  V  element  as  a  donar. 
Accordingly,  the  carrier  concentration  n  increased  by  doping  of 
Bi  with  oxygen  which  was  achieved  by  the  02-plasma 
treatment.  On  the  other  hand,  in  the  case  of  02-plasma 
treatment  for  2  hours,  the  Bi203  layers  surround ng  Bi  powder 
was  grown,  resulting  in  the  decrease  in  values  of  a  owing  to 
Bi203  insulating  layers  at  grain  boundaries. 

Figure  4  shows  the  temperature  dependence  of  Seebeck 
coefficient  S  for  the  sintered  Bi.  The  values  of  S 
monotonously  increase  with  an  increase  in  the  plasma 
treatment  time  in  the  temperature  range  above  -140K.  The 
increase  in  values  of  5  could  not  be  explained  by  the 
dependence  of  the  carrier  concentration  n  on  the  plasma 


0.5h 

Fig.6  Figure  of  merit  Z  at  room  temperature  of  sintered  Bi. 

treatment  time.  Therefore,  the  increase  values  of  S  is 
probably  related  to  the  structure  of  grain  boundary  in  sintered 
samples  affected  by  the  02-plasma  treatment. 

Figure  5  shows  the  thermal  conductivity  k  at  room 
temperature  for  the  sintered  Bi  as  a  finction  of  the  plasma 
treatment  time.  The  value  of  k  for  a  Bi  single  crystal  is 
indcated  by  the  dotted  line  in  this  figure  for  comparison. 
Since  Bi  has  an  anisotropy,  the  thermal  conductivity  is 
represented  by  ku  in  the  perpendcular  drection  of  c-axis  and 
k33  in  the  parallel  drection  of  c-axis.  The  value  shown  in 
Fig.5  was  calculated  by  k„  and  kt33  of  a  Bi  single  aystal  [7], 
assuming  that  grains  of  Bi  was  randomly  oriented  [8].  The 
values  of  k  for  every  samples  were  lower  than  that  of  the 
single  crystal.  This  is  closely  related  to  the  fact  that  the  grain 
size  of  the  Bi  powder  used  was  as  small  as  -2pm.  The 
reduction  of  k  by  using  fine  powders  was  also  reported 
elsewhere  [9].  In  this  case,  no  influence  of  the  02-plasma 
treatment  on  the  value  of  k  could  be  observed. 

In  the  same  way  as  the  above  02-plasma  treatment,  the  plasma 
treatment  of  Bi  powder  was  carried  out  by  using  Ar,  H2  and 
SbCl3  gases.  The  sintered  samples  were  prepared  by  using  the 
plasma-treated  powder.  Figure  6  shows  the  thermoelectric 
figure  of  merit  Z  of  these  samples  at  room  temperature.  In  this 
figure,  the  dotted  line  indcates  the  value  of  Z  of  a  Bi  single 
aystal,  which  was  calculated  from  the  values  of  electrical 
conductivity  (cru,  c^3),  Seebeck  coefficient  (Su,  S33)  and 
thermal  conductivity  (fcn,  k33)  in  the  perpendcular  andprallel 
drection  of  c-axis  [7],  assuming  grains  of  Bi  was  randomly 
oriented  [8].  The  values  of  Z  for  the  every  plasma-treated 
samples  were  improved,  as  compared  with  that  of  the 
non-treated  one.  Further,  for  some  plasma-treated  samples  the 
values  of  Z  were  larger  than  those  for  a  Bi  single  crystal.  In 
the  case  of  the  02-plasma  treatment,  the  value  of  Z  for  sample 
treated  for  1.5  hours  is  1.5  times  as  high  as  that  for 
non-treated  one.  From  these  results,  it  was  found  that  the 
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plasma  treatment  make  possible  the  improvement  of  figure  of 
merit  of  Bi. 

Conclusion 

The  sintered  Bi  was  prepared  using  the  plasma-treated  powder. 
The  plasma  treatment  was  carried  out  by  using  02,  Ar,  H,  and 
SbCl3  gases.  For  the  Orplasma-treated  sintered  Bi,  although 
oxidation  of  Bi  powder  was  identified  by  the  x-ray 
dffractometry  analysis,  the  electrical  conductivity  a  increased 
up  to  1.5  hours  of  the  plasma  treatment  time.  The  increase  in 
a  is  attributed  to  the  increase  in  the  carrier  concentration  n, 
suggesting  that  oxygen  acts  as  a  donor.  As  a  result,  the 
thermoelectric  figure  of  merit  at  room  temperature  was 
improved  1.5  times  as  high  as  that  of  the  non-treated  one.  For 
the  Ar,  H,  andSbCl3  plasma-treated  samples,  the  values  ofZ 
was  higher  not  only  than  that  for  non-treated  one,  but  also,  for 
a  part  of  the  samples,  than  that  of  a  Bi  single  ciystal.  From 
these  results,  the  plasma  treatment  of  thermoelectric  material 
powders  found  to  be  reasonably  effective  for  improvement  of 
their  thermoelectric  figure  of  merit.  Based  on  these  results, 
the  improvement  of  thermoelectrical  properties  for  Bi-Sb 
alloys  can  be  expected. 
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Abstract 

Big  efforts  have  long  been  done  to  develop  SiGe  alloys 
known  as  a  promising  thermoelectric  material  for  high 
temperature  applications.  Because  of  difficulty  in 
manufacturing,  which  has  resulted  in  less  economical 
competitiveness,  the  practical  application  of  the  material  has 
been  almost  limited  to  the  power  source  for  the  space  satellites. 
Reduction  of  manufacturing  costs  will  be  inevitable  to  conduct 
further  industrial  applications  of  the  SiGe  having  high 
thermoelectric  potentiality. 

Conventional  hot-pressing,  including  a  combination  of  hot- 
pressing  with  mechanical  alloying,  have  contributed  to 
enhancement  of  the  thermoelectric  performances[l]. 

In  these  several  years,  Spark-Plasma-Sintering  (SPS)  or 
Plasma-Activated-Sintering(PAS)  technique  have  been  utilized 
for  processing  thermoelectric  materials[2,3],  in  particular, 
SiGe  alloys[4,5].  One  of  the  successful  results  will  be  co¬ 
sintering  of  p-  and  n-type  material  which  can  necessarily  form 
a  p-n  junction  to  be  used  as  a  hot  temperature  end[4]. 

This  paper  will  report  on  the  SPS  technique  we  have  applied 
to  sinter  SiGe  alloys  together  with  their  properties. 

Introduction 

A  silicon-germanium  alloy  (SiGe,  hereafter)  has  been 
known  as  a  suitable  thermoelectric  material  for  usage  at 
temperatures  as  high  as  500-1000C.  To  develop  the  SiGe 
material  having  higher  thermoelectric  properties,  many  efforts 
have  been  done  by  many  people  during  the  past  half  century.  A 
fruitful  result  was  obviously  seen  in  the  fact  that  it  had 
successfully  applied  to  the  power  source  for  the  artificial 
satellites. 

On  the  other  hand,  however,  applications  of  the  SiGe  to 
many  other  fields  such  as  industries  and  /or  consumer’s  lives 


are  still  small;  almost  none.  This  would  be  due  to  expensive 
costs  of  manufacture  resulting  in  low  cost  performances.  It  is 
inevitable  for  the  SiGe  to  reduce  manufacturing  costs  as  well 
as  to  improve  its  thermoelectric  properties. 

Up  to  now,  SiGe  has  typically  processed  by  powder 
metallurgical  techniques  represented  by  hot  pressing[6].  This 
technique  should  be  regarded  to  have  succeeded  to  a  great 
extent,  in  considering  that  one  can  control  the  chemical 
compositions,  metallographic  structures,  electronic  structures, 
and/or  acoustic  ones.[7,8] 

For  these  several  years,  we  have  been  developing  SiGe 
by  using  a  new  sintering  technique,  Spark-Plasma- Sintering 
(SPS).  Our  efforts,  unfortunately  however,  have  not  brought 
us  fully  successful  results  so  far  from  either  economical  or  high 
performance  point  of  view.  Though  much  more  efforts  are 
required  for  us  to  be  able  to  supply  satisfactory  SiGe  materials 
to  commercial  markets,  we  would  like  to  report  on  the  results 
we  have  obtained  so  far. 

Processing 

The  process  we  have  been  developing  to  manufacture 
SiGe  thermoelectric  materials  and  elements  is  shown 
schematically  in  Fig.l.  Each  step  of  the  process  will  be 
described  in  the  following  sections  in  detail. 

1.  Powder  Preparation 

As  starting  materials  of  SiGe  to  be  sintered,  powders  of 
the  alloy  consisting  of  Si,  Ge,  and  doping  elements  are 
prepared  by  usual  processes.  The  alloys  of  80  at.%  Si,  20  at% 
Ge,  and  0.2- 1.5  at.%  B  or  P  were  melt  in  a  vacuum  induction 
melting  furnace.  To  avoid  contamination  of  p-  and  n-type 
materials  with  each  other,  the  furnace  has  two  independent 
melting  chambers  for  p-  and  n-type,  respectively. 
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Fig.  1  Process  block  diagram 

The  n-type  Si-Ge-P  alloy  was  melt  in  the  inert  Ar  atmosphere 
of  about  1  atmospheric  pressure  to  minimize  volatilization  of  P, 
while  the  p-type  alloy  Si-Ge-B  was  melt  under  a  vacuum 
pressure  of  lxl O'5  Torrs.  The  melt  was  poured  onto  a  water 
cooled  Cu  plate  to  solidify  as  lumps  of  the  SiGe  alloys. 
These  lumps,  after  coarse  cracking  by  a  hammer,  were 
pulverized  by  a  cracking  machine  into  powders  of  0.1 -0.2mm 
in  diameter.  Then  the  powders  were  milled  down  to  fine  sizes 
of  5  microns  or  smaller  by  a  planetary  ball  mill  in  Ar 
atmosphere.  The  average  size  of  the  powder  was  typically  2-3 
microns. 

2.  Sintering 

2.1  Spark  Plasma  Sintering 

Among  many  sintering  techniques  available,  a  hot 
pressing  will  be  most  popular  for  manufacture  of 
thermoelectric  materials,  in  particular  SiGe. 

A  HIP  (Hot  Iso-static  Pressing)[9]  can  be  included  as  one  of 
its  variant,  excluding  directions  of  pressing  force.  Sintering 
processes  by  the  hot  pressing  will  be  done  under  a  nearly 
thermal  equilibrium  given  by  the  ambient  heating  source.  In 


contrast  to  them,  the  SPS  technique  would  not  always  need 
equilibrium  conditions,  and  as  a  most  remarkable  feature, 
makes  at  least  partly  use  of  own-heating  due  to  currents 
flowing  in  the  work.  Pressing  forces  are  applied  prior  to  the 
current  flow.  Figure  2  shows  a  schematic  drawing  of  the  SPS. 
A  cylindrical  graphite  die  covers  the  work  to  be  sintered,  and 
the  applied  current  can  be  shared  between  the  work  and  the  die 


Fig.  2  Schematic  drawing  of  SPS 


which  functions  both  as  a  mechanical  restraint  from  radial 
displacement  and  as  an  ambient  heater.  It  is  not  known 
however  how  much  currents  is  shared  in  the  work,  and  so  the 
precise  distribution  of  temperatures  within  the  work  is  also  not 
known.  It  should  be  noted  here  that  the  applied  currents  are 
not  simple  DC  currents,  but  some  impulsive  ones  with 
frequency  at  several  hundred  Hz.  In  some  analysis[10],  such 
impulsive  currents,  or  impulsive  electric  fields  could  play  an 
important  role;  electric  arcing  could  be  caused  at  many  points 
of  contact  between  particles  of  the  work  material,  and  thus 
causes  triggers  of  sintering  reaction,  particularly  in  its  initial 
stage.  This  would  be  the  reason  why  the  SPS  process  can  be 
conducted  in  a  very  short  time. 

The  process  by  using  the  SPS  technique  will  have 
certainly  a  merit  of  short  time  sintering,  and  consequently  have 
a  possibility  to  restrain  grain  growth  during  sintering.  The 
process  will  probably  be  made  under  non-equilibrium  state  of 
the  thermodynamics.  This,  in  turn,  makes  it  difficult  to  find  out 
optimum  operating  conditions. 

In  a  similar  technique,  PAS,  the  difference  with  SPS  is 


208 


16th  Internationa!  Conference  on  Thermoelectrics  (1997) 


very  small,  and  will  lie  in  their  current  supplying  modes; 
impulsive  currents  alone  for  SPS,  and  initial  impulsive  currents 
followed  by  subsequent  direct  ones  for  PAS. 

Although  the  detailed  mechanism  of  sintering  processes 
through  the  SPS  will  have  to  be  investigated  further  from  now, 
the  SPS  technique  is  surely  advantageous  either  to  synthesize 
or  to  join  various  kind  of  ceramics  relatively  easily  in  a  short 
time. 

2.2  Sintering  of  SiGe  by  SPS 

Prior  to  sintering,  the  starting  powders  were  compacted 
to  take  a  shape  of  disk  like  pre-forms  having  30-50  mm  in 
diameter  and  10-40  mm  in  thickness.  This  is  required  for  both 
easy  handling  and  increasing  the  electric  conductivity  of  the 
powders  in  the  initial  stage  of  sintering. 

Provided  either  p-type  or  n-type  SiGe  alone  is  to  be 
sintered,  either  one  kind  of  the  powder  is  used.  If  a  monolith 
consisting  of  p-  and  n-type  SiGe  is  to  be  sintered,  both  kinds  of 
powder  are  compacted  in  a  pre-form  disk  so  as  to  be 
neighbored  or  to  be  piled  up  by  turns  each  other.  In  this  case, 
however,  it  must  be  careful  not  to  mix  together  p-  and  n-type 
powders  by  interleaving  an  appropriate  barrier.  Selection  of 
the  layout,  horizontal  neighboring  or  vertical  piling  will  be 
determined  in  consideration  of  number  of  layers,  number  of 
kinds  of  material,  their  melting  points,  and  so  forth. 

The  first  sequence  of  the  operation  is  vacuum 
evacuation  of  the  sintering  chamber  up  to  lxl O'3  Torrs,  and 
the  applying  force  by  oil  hydraulic  pressures  at  about  30  MPa 
is  the  next.  The  applied  current  is  increasing  with  time,  till  the 
work  temperatures  measured  by  a  R-type  thermocouple 
inserted  into  the  die  reaches  1200-1250  °C .  During  the 
sintering  process,  operating  conditions  of  the  SPS  apparatus 
were  recorded  in  a  multi-pen  recorder.  A  typical  recorder  chart 
is  shown  in  Fig.  3  where  the  temperature  of  the  work,  the 
applied  currents,  longitudinal  displacement  in  the  work,  and 
the  derivative  of  the  displacement  with  regard  to  time  are 
recorded.  It  can  be  observed  the  time  derivative  of  the 
displacement  changes  drastically  during  sintering.  This  drastic 


change  in  the  time  derivative  of  the  displacement  means  that 
the  volume  of  the  work  was  reducing  rapidly  with  progressing 
sintering.  It  is  to  be  noted  that  the  period  of  sintering  was 
around  1  minute. 

Short  time  sintering  like  this,  unfortunately  on  the 
contrary  to  our  expectation,  could  not  always  restrain 
crystalline  grain  growth.  Figure  4  shows  a  typical 
metallographic  structure  of  the  SiGe  sintered  by  SPS,  where 
average  grain  sizes  are  around  10  microns,  about  3  times  larger 
than  the  starting  powders.  The  densities  of  almost  all  the 
specimens  are  higher  than  99%. 
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Fig.4  Typical  grain  structure 


Fig.  3  Recorder  chart  of 
SPS  operation 


2.3  Addition  of  GaP 

Our  study  to  improve  the  thermoelectric  properties  by 
addition  of  GaP  has  been  in  the  beginning  stage.  Tips  of  GaP 
were  crashed,  pulverized,  milled  by  a  planetary  ball  mill,  and 
sieved  into  three  grades,  1  ,  3  and  6  microns  in  averaged  size. 
The  powders  of  GaP  were  mixed  with  that  of  n-type  80Si- 
20Ge-0.3P  before  molding.  Sintering  was  followed  by  SPS, 
but  subsequent  heat  treatments  have  not  tried  yet.  Monolithic 
p/n  elements  having  the  GaP  added  material  have  not  also 
fabricated.  The  thermoelectric  of  the  GaP  added  specimens 
will  be  described  later. 

2.4  Shaping  into  p/n  Joined  Elements 

In  the  case  with  monolithically  sintered  p/n  SiGe 
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material,  the  as-sintered  disk  must  be  cut  into  a  U-shaped 
element.  Before  cutting  it,  the  boundary  between  p-  and  n-type 
materials  should  be  distinguished. 

Such  a  boundary  can  usually  be  localized  by  steep 
changes  in  the  electrical  resistivities  or  in  the  polarity  of 
thermoelectric  motive  forces.  For  simplicity,  however,  it  is 
visualized  as  follows.  When  the  as-sintered  material  was  firstly 
cut  in  a  plane  crossing  the  p/n  boundary  by  a  discharging 
cutting  machine,  the  boundary  is  visualized  as  a  subtle  line, 
because  of  some  difference  in  the  discharging  conditions. 
Examples  of  the  resistivity  measurement  will  be  shown  in  the 
following  section. 

Photographs  of  Fig.  5  a  and  Fig.  5b  show  respectively 
examples  of  a  pair  and  two  pairs  of  monolithic  SiGe 
thermoelectric  elements  cut  in  the  above  mentioned  manner. 


Fig.  5a  Monolithic  p/n 
element  of  SiGe 


Results 

1.  Boundaries  between  p-  and  n-type  SiGe 

To  distinguish  exactly  the  boundaries  p-  and  n-type 
material  of  the  monolithically  sintered  SiGe,  the  resistivity 
measurement  was  employed  at  the  room  temperatures.  The 
four-terminal  and/or  four-probe  method,  in  which  the  probe 
was  scanned  precisely  with  a  computer  control,  was  used  for 
the  above  purpose.  A  typical  example  of  the  measurement 
for  a  specimen  of  the  two  p/n-paired  SiGe  is  shown  in  Fig. 6. 
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Fig.  6  Distribution  of  p/n  boundary  location 

From  this,  two  problems  become  apparent.  The  first  is  that 
resistivities  at  the  p/n  boundaries  are  remarkably  high 
compared  with  each  p-  and  n-type  material  zones,  and  the 
second  is  that  widths  of  each  zone  of  p-  or  n-type  material  are 
not  always  equal,  but  is  likely  that  n-type  regions  were  spread 
more. 

Both  problems  will  be  strongly  related  to  diffusion  of 
doping  elements  during  sintering,  The  doping  element,  B  and  P 
diffused  into  the  opposite  direction  each  other  crossing  the 
initial  p/n  boundary  during  sintering.  This  caused  canceling  of 
p-  and  n-type  carriers,  and  resulted  in  not  only  increase  in  the 
resistivities  but  also  difference  in  their  distribution.  Since  this 
problem  will  be  treated  independently  later,  the  second 
problem  is  touched  here.  In  the  specimen  used,  the  doping 
level  was  0.2at.%  and  0.3at.%  for  p-type  B,  and  n-type  P, 
respectively.  The  electrical  resitivity  of  both  type  SiGe  of  these 
doping  levels  lies  just  before  saturation  with  increasing  dopant 
concentration.,  and  is  still  variable  with  small  change  in  dopant 
concentrations.  Specimens  consisting  of  the  combination  of  a 
little  more  dopant  concentrations,  0.5at.%P  and  0.58at.%B 
were  sintered,  and  as  can  be  seen  in  Fig.  7,  the  problem  of 
different  zone  widths  was  almost  solved. 


210 


16th  International  Conference  on  Thermoelectrics  (1997) 


Fig.  7  Improvement  of  the  unequal  p/n  zone  width 


Fig.  9  Calculated  distribution  of  dopant  concentration 
and  resistivity 


2.  Diffusion  of  Dopants  during  Sintering 

We  have  been  studying  FGM  (functionally  graded 
material)  SiGe  where  two  or  three  kinds  f  SiGe  with  different 
doping  levels  are  joined  stepwise.  In  order  to  distinguish  the 
boundary  at  different  doping,  precise  measurements  of 
resistivity  distributions  around  the  joined  boundary  have  been 
made.  As  was  already  reported  on  some  results  elsewherefl  1], 
remarkable  broadening  of  the  boundary  was  observed  as 
shown  in  Fig.8  for  the  case  of  p-type  FGM  and  it  was 
speculated  that  this  might  have  been  caused  by  the  diffusion  of 
the  doping  elements  during  the  sintering. 

To  clarify  the  cause,  the  solution  of  a  simple  one 
dimensional  diffusion  equation  is  compared  with  the  results  of 
ICP-MS  analysis.  Figure  9  shows  distributions  of  the  dopant 
concentration  together  with  the  resulting  resistivity,  both  of 
which  were  calculated.  Comparing  Fig.  9  with  Fig.  10,  the  result 
of  ICP-MS  analysis,  it  would  be  concluded  that  the  dopants 


Fig.  8  Boundary  around  different  doping  zones 
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Fig.  10  ICP-MS  analysis  of  dopant  concentration 


could  easily  self  diffuse  in  SiGe  during  sintering,  even  by  SPS 
which  was  kept  for  a  short  period  of  about  1  minute.  Also  the 
same  investigation  on  n-type  FGM  revealed  that  P  might 
diffuse  faster  than  B  did. 

3.  Thermoelectric  Properties 
3.1  Thermal  Conductivity 

Thermal  conductivity  was  measured  by  using  a  Laser 
Flash  Method  equipment.  Figure  1 1  shows  the  typical  results 
obtained  for  specimens  of  80Si-20Ge  alloy  having  B  or  P 
doping  with  0.2-1. 6  at.%  concentration  and  GaP  added  n-type 
materials.  For  n-type  materials  thermal  conductivity  does  not 
depend  remarkably  on  P  concentrations,  while  it  increases  with 
increase  in  B  concentration  for  p-type  materials.  Those  values, 
except  1.6B  doped  case  whose  curve  looks  like  somewhat 
strange,  would  be  within  reported  ones  in  preceding  works[12]. 
For  the  case  with  GaP  doped  n-type  materials,  where  the  size 
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Fig.  11  Typical  thermal  conductivity  of  80Si~20Ge  with  Fig.  12  Typical  Seebeck  coefficient  of  80Si-20Ge  with 
various  doping  various  doping 


of  GaP  powder  were  6.5  microns,  the  thermal  conductivity 
decreases  with  increasing  GaP  concentration,  probably  due  to 
some  enhancement  in  carriers  or  alloy  disorder[13].  The 
lowest  value,  4.1W/m/K,  however,  is  still  large  compared  to 
those  reported  in  preceding  works[14]. 

As  mentioned  in  the  section  2.2,  the  grain  size  of  our 
specimens  are  around  lOmicrons  that  is  not  satisfactorily  small, 
and  this  would  be  most  responsible  for  still  large  thermal 
conductivity  in  both  cases  of  B  or  P  doping  and  GaP  addition. 


[Resistivity  of  80Si-2QGe| 


Fig.  13  Typical  resistivity  of  80Si-20Ge  with  various 


3.2  Electrical  Properties 

Seebeck  coefficients  are  shown  in  Fig.  12  for  materials 
doped  with  B  or  P,  and  GaP.  As  can  be  seen,  for  the  B 
doped  p-type  materials  their  Seebeck  coefficients  depend 
strongly  on  B  concentrations,  and  decrease  with  increasing  B 
concentrations.  The  curve  for  doping  with  1.58at.%B  will 
suggests  to  be  over  doped.  For  P  doped  n-type  materials, 
however,  the  dependency  on  P  concentrations  is  small. 

All  B  atoms  added  could  have  functioned  as  p-type 
charged  carriers,  whereas  P  atoms  might  have  some  limitation 
in  their  solubility  in  SiGe  alloy  matrices.  Volatilization  losses 
of  P  also  will  be  responsible.  It  could  be  due  to  solubility 
enhancement  of  P  that  Seebeck  coefficients  of  the  GaP  doped 
materials  become  slightly  smaller  with  increasing  GaP  content 
[15]. 

Electrical  resistivity  measured  by  using  a  usual  four- 
terminal  method  is  shown  in  Fig.  13,  for  the  specimens  doped 


with  B  or  P  alone,  or  additionally  doped  GaP, respectively. 
Here  also  a  small  difference  is  observed  between  0.3at.%P  and 
0.5at.%P  doped  cases.  A  reason  will  be  in  an  experimental  fact 
that  dependency  of  the  resistivity  on  P  concentrations  almost 
saturates  over  0.3at.%.  For  the  specimen  doped  with  lat.%P, 
the  resistivity,  having  small  difference  from  those  of  0.3  or 
0.5at.%P  doped  cases  at  room  temperatures,  is  spreading  the 
difference  with  increasing  temperatures,  and  takes  a  maximum 
before  800°C,  and  then  decreases  at  higher  temperatures.  This 
could  be  explained  by  enhancement  in  carrier  densities  at 
elevated  temperatures  [16]. 

Unfortunately  however,  because  of  our  very  limited 
knowledge  about  either  carrier  concentrations  or  carrier 
mobilities,  this  issue  has  not  been  fully  understood  so  far.  Only 
such  data  at  room  temperatures  are  n=1.5xl026/m3, 
[L  =3.6xlO"3m2/V/s  for  80Si-20Ge-0.2B,  and  n=7.7xl025/m3, 
H  =6. 5xlO'3m2/V/s  for  80Si-20Ge-0.3P,  respectively. 
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Referring  to  the  report  by  J.P.Dismukes[17],  the  above 
mobility  values  for  both  materials  may  be  rather  small 
compared  with  carrier  numbers. 

Concerning  the  GaP  added  n-type  specimens,  it  is 
likely  to  be  sure  that  the  resitivity  decreases  with  increasing 
GaP  concentrations  as  shown  in  Fig.  13.  The  resistivity 
reduction  reaches  70%  in  the  intermediate  temperatures,  but 
becomes  small  over  600°C,  and  reaches  no  difference  at  last 
800°C. 

To  understand  electrical  properties  of  our  SiGe 
specimens  better,  especially  of  GaP  added  materials,  it  should 
be  absolutely  required  for  us  to  conduct  high  temperature 
annealing  and  subsequent  measurement  of  carrier  numbers  as 
well  as  mobilities. 

3.3  Figure  of  Merit 

The  figure  of  merit  for  some  selected  specimens  are 
shown  in  Fig.  14.  For  both  p-  and  n-type  materials,  these 
properties  so  far  are  not  competitive  to  those  obtained  by 
many  preceding  worksf  18-20].  More  efforts  will  be  required 
for  us  to  improve  our  materials  through  optimization  of 
electrical  and  grain  structures.  Finer  control  of  the 
manufacturing  conditions  including  heat  treatments 
particularly  for  n-type  GaP  added  materials  will  be  also 
inevitable. 


jFigure  of  Merit 
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Fig.  14  Figure  of  merit  for  80Si-20Ge  alloys 


4.  Reduction  of  Resistivity  at  p/n  Junctions 

To  reduce  resitivities  around  p/n  junctions  of  our 
monolithically  sintered  SiGe  elements,  addition  of  metal  has 


powders  into  the  boundary  region  of  p-  and  n-type  materials 
been  tried.  In  molding  p-  and  n-type  materials,  mixed 
powders  of  SiGe  with  a  metal  powder  such  as  Ni,  Mo,  and  etc. 
was  interleaved  between  both  materials.  A  result  obtained  for 
specimens  using  Ni  powder  is  shown  in  Fig.  15.  Small  addition 
of  metal  powder  makes  the  boundary  resistivities  reduce 
drastically. 
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Fig.  15  Reduction  of  resistivity  at  p/n 
boundary  by  Ni  powder  addition 


- - 

5.  Power  Generation  Test  by  using  Monolithic  SiGe 
Element 

A  preliminary  test  of  the  power  generation  was  made 
for  our  SiGe  monolithic  elements.  Three  kind  of  power 
generation  modules  as  shown  in  Fig.  16  were  prepared.  Each 
module  were  connected  to  variable  load  resisters,  and  their  hot 
ends  were  heated  by  an  infra-red  lamp.  The  output  voltages 
across  the  load  resister  and  the  output  currents  were  measured. 


Two  Paired  Monolithic  Element 


Four  Paired  Soldered  Elements 


Fig.  16  Module  for  power  generation  test 
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The  maximum  out  put  power  for  each  module  is  plotted  in 
Fig.  17,  in  which  the  power  was  normalized  as  per  one  pair 
element.  There  is  no  difference  between  the  one  pair  element 
and  the  soldered  four  pair  one,  while  the  two  pair  monolithic 
one  seems  to  generate  less  power.  This  is  simply  because  the 
two  pair  monolith  had  no  electrical  shunt  at  the  low 
temperature  end.  Consequently  three  test  modules  performed 
identically. 


Fig.  17  Result  of  power  generation  test 


Conclusion 

Spark-Plasma-Sintering  as  one  of  new  sintering 
technique  was  described  together  with  its  application  to 
development  of  SiGe  thermoelectric  alloys.  The  technique  has 
advantages  to  make  it  possible  to  synthesize  materials  with 
difficulty  to  sinter  by  other  techniques  in  a  short  time. 
However,  it  may  have  disadvantage  not  to  adopt  easily  scaling 
laws  of  manufacturing  because  the  sintering  process  must  be 
conducted  under  non  thermal  equilibrium. 

In  our  experiences  using  SPS,  sintering  of  SiGe  alloys 
with  various  doping  were  successfully  synthesized  in  a  very 
short  time  sintering  of  about  1  minutes.  The  monolithic 
elements  having  p/n  SiGe  junctions  were  also  manufactured. 
Even  in  such  a  short  time  sintering,  grain  growth  could  not  be 
avoided  due  to  very  fast  diffusion  in  the  process.  As  a  result, 
thermoelectric  properties  of  the  SiGe  alloy  with  various  doping 
have  not  been  so  far  fully  competitive  with  preceding  works 
conducted  by  using  hot-press  technology.  More  efforts  to 
avoid  the  grain  growth,  and  to  understand  performances  of 
carriers  better  are  required  for  us  to  enhance  thermoelectric 


properties.  Scaling  up  with  finer  control  of  manufacturing 
conditions  is  also  needed  to  establish  the  reliable  and 
inexpensive  process. 
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Abstract 

Silicon  borides  in  a  boron  content  range  of  80  to  94mol% 
were  prepared  by  arc-melting.  As-melted  specimens 
consisted  of  SiBn  (hexagonal,  n=14-49)  and  free  silicon. 
The  free  silicon  content  decreased  with  increasing  boron 
content  in  raw  materials.  The  arc-melted  specimens  were 
annealed  in  an  argon  atmosphere  at  1663K.  By  annealing 
for  1.8ks,  SiB4  phase  formed  at  the  Si-SiBn  boundary.  By 
annealing  for  more  than  5.4ks,  SiB6  phase  formed  and  SiB4 
phase  disappeared.  SiBn  content  increased  with  increasing 
annealing  time.  The  annealing  for  5.4ks  caused  a  great 
increase  of  the  Seebeck  coefficient. 

Introduction 

The  efficiency  of  thermoelectric  power  generation  is  in 
proportion  to  hot  junction  temperature  and  the  temperature 
difference  between  hot-  and  cold-junctions  [1].  Boron-rich 
silicon  borides  are  one  of  the  candidate  materials  for 
thermoelectric  conversion  because  of  their  moderate  Seebeck 
coefficient  (a)  and  small  thermal  conductivity  (k)  at  high 
temperatures  more  than  1000K  [1,  2-4].  In  the  Si-B  binary 
system,  there  are  many  types  of  compounds  such  as  SiB4 
(rhombohedral),  SiB6  (orthorhombic)  and  SiBn  (hexagonal, 
n=14_49)  [5-7].  Among  them,  SiB4  has  a  low  thermal 
conductivity  (k)  and  high  electrical  conductivity  (a)  but  a  low 
Seebeck  coefficient  (a)  [8].  On  the  other  hand,  SiB6  and 
SiBn  have  a  large  Seebeck  coefficient  and  a  low  thermal 
conductivity  but  a  moderately  low  electrical  conductivity. 

The  authors  have  reported  the  thermoelectric  properties 
of  arc-melted  silicon  borides  [9].  As-melted  silicon  borides 
in  the  boron  content  range  from  80  to  94mol%  consisted  of 
SiBn  and  free  silicon,  in  which  the  free  silicon  dispersed  in  a 
network  structure  when  boron  content  is  less  than  90mol%. 
The  free  silicon  caused  the  increase  of  both  electrical 
conductivity  and  thermal  conductivity,  but  did  not  increase 
the  thermoelectric  figure  of  merits  (Z=oc2g/k).  By  our 
previous  work,  proper  annealing  at  1663K  for  1.8ks  caused 
the  formation  of  SiB4  at  the  Si-SiBn  boundary  and  the 
increase  of  electrical  conductivity  and  decrease  of  thermal 
conductivity  without  changing  the  Seebeck  coefficient.  At 
the  present  work,  in  order  to  increase  Seebeck  coefficient,  we 


have  carried  out  annealing  for  longer  time.  In  this  paper,  we 
report  the  microstructure  changes  after  annealing  and  their 
effects  on  the  thermoelectric  properties. 

Experimental 

The  mixtures  of  silicon  and  boron  powders  in  a  boron 
content  range  from  80  to  94mol%  were  pressed  into  disk¬ 
shaped  pellets  (10  mm  thickness  and  20  mm  diameter)  and 
then  arc-melted  in  an  argon  atmosphere.  The  arc-melted 
samples  were  then  annealed  in  an  argon  atmosphere  at 
temperature  of  1663K.  The  phase  composition  of  the 
resulted  specimens  was  identified  by  X-ray  diffraction 
(XRD).  Rod-like  pieces  (3x3x15mm)  and  disk-shaped 
pieces  (2mm  thickness  and  10mm  diameter)  were  cut  out  for 
the  electrical  conductivity  measurement  and  the  thermal 
conductivity  measurement,  respectively.  Microstructure  was 
observed  by  transmission  electron  microscopy  (TEM)  (JEOL: 
JEM- 1250 ARM).  Electrical  conductivity  was  measured  by 
using  a  dc  four-probe  method.  Thermal  conductivity  was 
measured  by  using  a  laser-flash  technique.  All  the 
measurements  were  performed  in  the  temperature  range 
between  300  to  1200  K. 

Results  and  discussion 

Specimens  containing  80  to  94mol%  boron  were 
prepared  by  arc-melting.  By  the  X-ray  diffraction  result,  all 
the  as-melted  specimens  consisted  of  SiBn  and  free  silicon. 
The  content  of  free  silicon  decreased  from  about  30  to  3vol% 
as  the  boron  content  in  raw  materials  increased  from  80  to 
94mol%.  We  reported  that  the  free  silicon  phase  inter¬ 
connected  to  form  a  network  structure  when  B=80  to 
90mol%,  while  it  dispersed  isolatedly  when  B>90mol%  [9]. 

Figure  1  shows  the  changes  of  X-ray  diffraction  pattern 
of  the  sample  containing  94mol%  boron  before  and  after 
annealing  at  1663K  for  various  time.  After  annealing  at 
1663K  for  5.4ks,  the  free  silicon  content  decreased  and  the 
SiBn  content  increased  accompanied  with  SiBe  phase 
appearing.  The  X-ray  diffraction  pattern  of  the  specimen 
annealed  for  19.8ks  was  not  so  different  from  that  for  5.4ks, 
suggesting  that  the  phase  composition  has  come  to  not  change 
when  the  annealing  time  is  over  5.4ks. 
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Figure  2  (a)  and  (b)  show  the  TEM  microstructures  of  the 
SiBn  phase  in  the  specimens  annealed  for  5.4ks  and  19.8ks, 
respectively.  The  observed  area  was  SiBn  phase  and  the 
electron  beam  direction  is  parallel  to  the  crystal  orientation  of 
[001].  In  the  sample  annealed  for  5.4ks  (Fig. 2(a)),  highly 
dense  stacking  faults  of  about  50nm  in  width  and  strong  strain 
contrast  were  observed.  However,  in  the  sample  annealed 


Figure  1.  X-ray  diffraction  patterns  of  arc-melted  silicon 
boride  containing  94mol%B.  (a)  As-melted;  (b)  annealed  at 
1663K  for  5.4ks;  (c)  annealed  at  1663K  for  19.8ks. 


for  19.8ks  (Fig. 2(b)),  the  numbers  of  stacking  faults 
decreased  significantly.  The  size  of  stacking  faults  have 
grown  into  about  200  to  300nm  in  width,  and  the  strain 
contrasts  disappeared. 

Figure  3  shows  the  temperature  dependence  of  Seebeck 
coefficients  (a)  of  arc-melted  silicon  borides.  The  a  values 
increased  with  increasing  temperature.  The  larger  the  boron 
contents,  the  greater  the  a  values.  Figure  4  shows  the 
Seebeck  coefficient  changes  of  the  specimen  containing 
94mol%  boron  after  annealing.  The  a  values  increased  when 
the  annealing  time  was  5.4ks,  but  decreased  when  the 
annealing  time  was  19.8ks.  The  changes  of  Seebeck 
coefficients  of  other  samples  containing  various  boron 
contents  showed  the  same  tendency;  the  samples  annealed 
for  5.4ks  have  the  greatest  Seebeck  coefficients. 

Although  the  samples  annealed  for  5.4ks  and  19.8ks  have 
almost  the  same  phase  composition,  highly  dense  stacking 
faults  with  strong  strain  contrasts  were  observed  only  in  the 
samples  annealed  for  5.4ks.  The  large  Seebeck  coefficient  of 
these  samples  may  be  associated  with  those  stacking  faults 
[10-11]. 

The  electrical  conductivity  (a)  increased  with  increasing 
temperature.  The  larger  the  free  silicon  content,  the  greater 
the  a  values.  Figure  5  shows  the  changes  of  electrical 
conductivity  of  arc-melted  silicon  boride  containing  94mol% 
boron  before  and  after  annealing.  The  annealed  sample 
showed  smaller  a  values  than  the  as-melted  sample,  but  the 
samples  annealed  for  5.4ks  and  19.8ks  have  almost  the  same 
a  values.  This  is  because  the  free  silicon  content  decreased 
after  annealing  and  the  phase  composition  was  almost  the 
same  for  the  different  annealing  time. 

The  thermal  conductivity  (k)  decreased  with  increasing 


Figure  2.  TEM  photos  of  arc -melted  silicon  boride  containing  94mol%B.  (a)  Annealed  at  1663K  for  5.4ks; 
(b)  annealed  at  1663K  for  19.8ks. 
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Temperature,  T  /  K 


Figure  3.  Temperature  dependence  of  Seebeck  coefficients 
of  arc-melted  silicon  borides,  (a)  80mol%B;  (□) 
86mol%B;  (0)94mol%B. 

temperature.  The  larger  the  free  silicon  content,  the  greater 
the  K  values.  Figure  6  shows  the  changes  of  thermal 
conductivity  of  arc-melted  silicon  boride  containing  94mol% 
boron  before  and  after  annealing.  The  annealed  sample 
showed  smaller  k  values  than  the  as-melted  sample.  This  is 
caused  by  the  decrease  of  free  silicon  content  after  annealing. 

Figure  7  summarizes  the  dimensionless  figure  of  merit 
(ZT=goc2T/k)  values  of  the  samples  containing  86  and 
94mol%  boron.  The  ZT  values  increased  with  increasing 
temperature.  The  samples  annealed  for  5.4ks  showed  greater 
ZT  values  than  the  as-melted  samples,  but  the  samples 
annealed  for  19.8ks  showed  smaller  ZT  values  than  the  as- 
melted  samples.  The  sample  containing  86mol%  boron 
annealed  for  5.4ks  showed  the  highest  ZT  value  of  about  0.2 
at  1100K. 

Conclusion 

Silicon  borides  were  prepared  by  arc  melting  in  argon 
atmosphere  using  silicon  and  boron  powders  in  a  boron 
content  range  from  80  to  94mol%.  As-melted  specimens 
consisted  of  SiBn  and  free  silicon.  The  contents  of  free 
silicon  decreased  from  30  to  3vol%  as  the  boron  content  in 
raw  materials  increased  from  80  to  94mol%. 

As-melted  specimens  were  annealed  in  an  argon 
atmosphere  at  temperatures  of  1663K.  By  annealing  for 


Temperature,  T  /  K 


Figure  4.  Seebeck  coefficient  changes  of  the  arc-melted 
silicon  boride  containing  94mol%B  after  annealing.  (O)  As- 
melted;  (•)  annealed  at  1663K  for  5. 4ks;  (a)  annealed  at 
1663K  for  19.8ks. 


Figure  5.  Electrical  conductivity  changes  of  the  arc-melted 
silicon  boride  containing  94mol%B  after  annealing.  (O)  As- 
melted;  (•)  annealed  at  1663K  for  5.4ks;  (a)  annealed  at 
1663K  for  19.8ks. 
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Temperature,  T  /  K 

Figure  6.  Thermal  conductivity  changes  of  the  arc-melted 
silicon  boride  containing  94mol%B  after  annealing.  (O)  As- 
melted;  (•)  annealed  at  1663K  for  5. 4ks;  (a)  annealed  at 
1663K  for  19.8ks. 

more  than  5.4ks,  a  trace  amount  of  SiB6  phase  formed  and 
SiBn  content  increased.  In  the  samples  annealed  for  5.4ks, 
highly  dense  stacking  faults  and  strain  contrast  were 
observed.  The  annealing  for  5.4ks  caused  a  great  increase  of 
Seebeck  coefficient.  This  may  be  resulted  from  the  highly 
dense  stacking  faults  in  the  SiBn  phase.  The  dimensionless 
figure  of  merit  (ZT)  was  increased  significantly  by  an 
appropriate  annealing. 

Acknowledgements 

We  thank  Mr.  Y.  Hayasaka  of  IMR,  Tohoku  University 
for  helping  TEM  observation.  This  research  was  supported  in 
part  by  the  Grant-in-Aid  for  Scientific  Research  from  the 
Ministry  of  Education,  Science  and  Culture,  under  contact 
nos.  NP0701  and  06453081,  also  supported  by  the  Special 
Coordination  Funds  for  Promoting  Science  and  Technology 
from  the  Science  and  Technology  Agency  of  Japan. 

Reference 

[1]  C.  Wood,  Materials  Research  Society  Symposia 
Proceedings,  Vol  97,  Ed.  by  D.  Emin,  T.  L.  Aselage  and 
C.  Wood  (Materials  Research  Society,  Pittsburgh,  1987), 
p.335. 

[2]  C.  Wood,  D.  Emin,  R.  S.  Frigelson  and  I.  D.  R. 

Mackinnon,  Materials  Research  Society  Symposia 


Temperature,  T  /  K 


Figure  7.  ZT  values  of  the  arc-melted  silicon  boride.  (O,  •) 
As-melted;  (a,  a)  annealed  at  1663K  for  5.4ks;  (□,  ■) 
annealed  at  1663K  for  19.8ks.  White  marks:  86mol%B; 
black  marks:  94mol%B. 


Proceedings,  Vol  97,  Ed.  by  D.  Emin,  T.  L.  Aselage  and 
C.  Wood  (Materials  Research  Society,  Pittsburgh,  1987), 
P-33. 

[3]  B.  Armas  and  C.  Combescure,  J.  Less-Common  Met.,  47 
(1976)  135. 

[4]  J.  M.  Darolles,  T.  Lepetre  and  J.  M.  Dusseau,  Phys.  Stat. 
Sol.  (a),  58(1980)  K71. 

[5]  R.  W.  Olesinski  and  G.  J.  Abbaschian,  Bull.  Alloy  Phase 
Diagrams,  5  (1984)  478. 

[6]  B.  Armas,  G.  Male  and  D.  Salanoubat,  J.  Less-Common 
Met.,  82(1981)245. 

[7]  H.  F.  Rizzo,  B.  C.  Weber  and  M.  A.  Schwarz,  J.  Amer. 
Ceram.  Soc.,  43  (1960)  497. 

[8]  M.  Mukaida,  T.  Goto  and  T.  Hirai,  Mater.  & 
Manufacturing  Processes,  7  (1992)  625. 

[9]  L.  Chen,  T.  Goto,  J.  Li,  M.  Niino  and  T.  Hirai,  Trans.  IEE 
Jpn,  116-A  (1996)  248. 

[10]  L.  W.  Whitlow  and  T.  Hirano,  Proc.  12th  Inter.  Conf. 
Thermoelectrics,  Ed.  by  K.  Matsuura  (IEEJ,  Tokyo, 

1994),  p.39. 

[1 1]  T.  L.  Aselage,  D.  Emin,  C.  Wood,  I.  D.  R.  Mackinnon 
and  I.  Howard,  Materials  Research  Society  Symposia 
Proceedings,  Vol  97,  Ed.  by  D.  Emin,  T.  L.  Aselage  and 
C.  Wood  (Materials  Research  Society,  Pittsburgh,  1987), 
p.27. 


218 


16th  International  Conference  on  Thermoelectrics  (1997) 


Electronic  transport  in  p-type  and  n-type  p-rhombohedral  boron 

R.  Schmechel a).  H.  Werheit3),  V.  Kueffel3)  andT.  Lundstromb) 

a)  Solid  State  Physics  Laboratory,  Gerhard  Mercator  University  Duisburg,  D  47048  Duisburg,  Germany 
b)  Institute  of  Chemistry,  Uppsala  University,  S  75121  Uppsala,  Sweden 


Abstract 

Controlled  doping  is  required  for  the  promising  thermoelec¬ 
tric  application  of  boron-rich  solids.  |3-rhombohedral  boron, 
which  is  p-type  in  pure  form,  can  be  made  n-type  by  intersti¬ 
tial  doping  with  V,  Cr,  Fe  and  Ni,  while  it  remains  p-type  in 
the  case  of  Cu  and  Co  doping.  Seebeck  coefficient,  dc  electri¬ 
cal  conductivity,  dynamical  conductivity  and  optical  absorp¬ 
tion  of  B:V,  B:Fe  and  B:Co  are  presented.  Irrespective  of  the 
carrier  type,  in  all  these  cases  the  electronic  transport  can  be 
described  by  a  superposition  of  Drude-type  and  hopping  type 
conduction.  Doping  to  n-type  requires  the  overcompensation 
of  the  unoccupied  valence  and  gap  states  in  pure  boron  by  a 
doping  level  positioned  between  conduction  band  and  upper¬ 
most  intrinsic  electron  trap.  While  Fe  atoms  occupy  the  suit¬ 
able  interstitial  sites  statistically,  V  atoms  prefer  the  A  site  at 
lower  and  preferably  occupy  D  sites  at  higher  metal  contents. 
Irrespective  of  the  lower  ionisation  energy  of  the  V  atoms 
compared  with  Fe,  the  doping  efficiency  of  V  is  much  higher 
and  differs  qualitatively  from  that  of  Fe. 

Introduction 

Boron-rich  solids  are  interesting  materials  for  thermoelectric 
applications,  due  to  a  high  thermoelectrical  force  even  at  high 
temperatures  [1],  The  high  Seebeck  coefficient  is  typical  for 
semiconductors,  whereas  a  high  density  of  localized  states  in 
the  band  gap  prevent  the  decrease  of  the  Seebeck  coefficient 
at  high  temperatures.  Doping  of  boron  carbide  by  Si  [2]  or  A1 
[3]  increases  the  Seebeck  coefficient,  which  demonstrate  the 
important  role  of  doping  for  a  controlled  change  of  the  ther¬ 
moelectrical  properties.  But  a  transition  from  the  normally  p- 
type  boron  caibide  to  n-type  by  doping  has  not  yet  been  real¬ 
ized.  Pure  p-type  p-rhombohedral  boron  becomes  n-type  by 
interstitial  doping  with  the  transition  metals  Fe,  V,  Cr,  Ni  [4, 
5,  6],  whereas  it  remains  p-type  for  other  transition  metals 
like  Cu  [4]  or  Co  (this  work).  Doping  with  the  group  IV  ele¬ 
ment  carbon  acting  as  donor  increases  the  conductivity  [7], 
but  does  not  change  the  p-type  behaviour. 

The  electronic  properties  of  boron  rich  solids  are 
mainly  related  to  Bn  icosahedra,  which  are  essential  struc¬ 
tural  elements  in  the  most  boron  rich  solids.  The  semicon¬ 
ductor  character  of  icosahedral  boron-rich  solids  is  explained 
by  the  Jahn-Teller  effect  distorting  the  icosahedra  and  split¬ 
ting  the  valence  band.  The  upper  split-off  band  consisting  of 
localized  states  acts  as  intrinsic  acceptor  level  [8,  9],  This 
explains  the  p-type  character  of  all  pure  icosahedral  boron 
rich  solids.  Unfortunately,  the  complex  structure  of  p-rhom- 
bohedral  boron  (structure  formula  (B^L/B^LB)  has  pre¬ 
vented  reliable  band  structure  calculations.  The  actual  energy 
band  scheme  of  pure  p-rhombohedral  boron  is  based  on 
numerous  optical,  electrical  and  thermal  experiments  [10], 


which  are  consistent  with  the  split-off  valence  band  model. 
The  split-off  energy  is  about  180  meV;  the  band  gaps  of  1.29 
and  1.46  eV  respectively  are  indirect  allowed.  Off  the  con¬ 
duction  band  a  series  of  intrinsic  trap  states  was  found.  While 
the  energy  band  structure  remains  largely  unchanged  by 
doping,  a  transition  from  p-  to  n-type  occurs,  if  all  the  gap 
states  are  filled  up  by  electrons.  In  the  case  of  B:Fe  was 
shown  that  six  electrons  per  unit  cell  are  required  [11].  How¬ 
ever,  doping  with  vanadium  for  example  seems  to  change  the 
electronic  structure  [12],  since  the  transition  to  n-type  con¬ 
duction  cannot  be  explained  within  that  energy  band  scheme. 

The  charge  transport  in  pure  and  doped  p-rhombo¬ 
hedral  boron  is  not  yet  understood  in  detail,  but  a  superposi¬ 
tion  of  hopping  conduction  between  localized  states  in  the 
band  gap  and  band  conduction  of  free  carriers  more  or  less 
influenced  by  retrapping  processes  is  evident.  In  this  work, 
Seebeck  coefficient  measurements  on  B:V,  B:Co  and  B:C,  dc 
conductivity  of  B:V  and  infrared  spectra  of  B:V,  B:Co  and 
B:Fe  are  presented  and  discussed  with  respect  to  possible 
transport  mechanisms. 

Sample  material 

The  metal-doped  p-  rhombohedral  boron  samples  were 
obtained  by  arc-melting  lumps  of  zone-melted  boron 
(Wacker-Chemie,  Munich,  purity  better  than  99.99%),  with 
vanadium  (Material  Research  Co.,  USA,  purity  better  than 
99.95%)  and  Co  (Johnson  and  Mattey  Co.,  England,  purity 
better  than  99.99%)  respectively.  Afterwards  the  samples 
were  heat  treated  typically  for  48  hours  at  1200  °C  to  guar¬ 
antee  homogeneity.  The  iron-doped  sample  is  the  same  as 
that  in  [6,  11]  and  the  carbon  doped  samples  are  the  same  as 
those  in  [7], 

The  samples  are  single-phase,  only  VB32  and  VB43 
contain  traces  of  VB2,  and  C0B49  and  CoB,,,  contain  traces  of 
CoB.  Crystallographic  investigations  suggest  the  solubility 
limit  for  B:V  to  be  1.6  at.%  V  and  for  B:Co  to  be  1.4  at.% 
Co,  but  the  optical  and  electrical  properties  presented  below 
don’t  show  saturation  even  at  high  metal  concentration. 

Experimental  details 

The  Seebeck-coefficient  of  B:V  was  measured  from  150K  to 
700K  in  a  vacuum  cryostat.  The  temperature  gradient  in  the 
sample  was  produced  by  a  small  electrical  heater  and  con¬ 
trolled  by  thermocouples  simultaneously  acting  as  probes  for 
the  voltage  measurements.  Temperature  differences  of  about 
1  K  were  used.  The  very  small  size  of  the  available  samples 
(few  mm)  caused  a  quantitative  error  of  the  measured  See¬ 
beck  coefficient,  while  the  temperature  dependence  was 
hardly  impaired.  Quantitatively  reliable  Seebeck  coefficients 
were  obtained  close  to  300  K  with  a  hot-spot  method  yielding 
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the  average  Seebeck  coefficient  for  the  used  temperature 
difference  of  100K.  The  correction  in  Fig.  3  (right  ordinate) 
is  performed  according  to  these  results. 

The  conductivity  of  B:V  was  measured  by  the  four- 
probe  method  according  to  van  der  Pau  [13]between  100  to 
700K.  Platinum  wire  probes  were  attached  by  an  electrical 
capacitor  discharge. 

The  reflectivity  spectra  of  B:V,  B:Co  and  B:Fe  were 
measured  with  a  FTIR  spectrometer  IFS113v  (Bruker, 
Karlsruhe)  in  the  spectral  range  between  10  and  5000  cm"1  at 
temperatures  between  77  and  450K.  For  low  noise  levels  a 
lHe-cooled  Si-Bolometer  was  used  in  the  FIR-range,  and  a 
lN2-cooled  MCT  detector  for  the  MIR  range. 

From  the  measured  reflectivity  spectra  the  absorption 
coefficient  and  the  complex  dielectric  function  were  numeri¬ 
cally  calculated  by  Kramers  Kronig  transformation  using  the 
Hagen-Rubens  relation  for  extrapolation  to  zero  frequency. 

Results 

DC  conductivity  of  B:V 

The  dc  conductivity  results  of  B:V  are  presented  in  Figure  1. 
While  for  pure  boron  the  measured  conductivity  agrees  with 


1000/T  [K1] 

Figure  1:  dc  conductivity  of  B:V  and  pure  boron  vs. 
reciprocal  temperature.  The  insert  shows  the  conductiv¬ 
ity  of  VB32  plotted  according  to  Mott's  law  of  variable 
range  hopping  (straight  line). 


the  results  known  from  literature  (see  [14]),  the  results  for 
B:  V  are  about  ten  times  smaller  compared  with  those  reported 
by  Slack  et  al.  [4]  and  Matsuda  et  al.  [15].  Probably  sample 
inhomogeneities  or  VB2  precipitation  are  the  reason.  The 
temperature  dependence  of  the  conductivity  is  typical  for 
metal-doped  p-rhombohedral  boron  [4,  15,  16]  and  meets 
Mott's  law  of  variable  range  hopping  [17]: 

(joci/Vr-expj(r0/r)1/4) 

in  a  large  temperature  range,  as  demonstrated  for  VB32  in  the 
insert  of  Figure  1.  The  deviation  above  500K  are  attributed  to 
thermally  excited  free  carriers  in  the  conduction  band.  The 
fit  parameters  T0  and  the  activation  energies  s  of  the  high 
temperature  range  are  listed  in  Table  1. 

Seebeck  effect  measurements 

Figure  2  presents  the  measured  Seebeck  coefficient  at  room 
temperature  compared  with  values  taken  from  literature.  For 
B:Fe  the  transition  from  p-type  to  n-type  occurs  at  2.5  at.  % 
Fe  corresponding  to  six  additional  electrons  per  unit  cell  [11]. 
They  originate  from  Fe2+  and  Fe3+  ions  and  agree  with  the 
number  of  unoccupied  valence  and  gap  states  in  pure  boron. 
In  contrast,  for  B:  V  only  0.25  at  %  V  is  required  for  the  p  to 
n  transition.  Related  to  the  number  of  Fe  atoms,  this  would 
correspond  to  an  unrealistic  ionization  to  V24+  and  proves 
therefore  that  in  contrast  to  Fe  the  insertion  of  V  atoms 
causes  a  considerable  change  of  the  electronic  band  structure 
of  p-rhombohedral  boron. 

As  a  typical  example  for  B:V,  VB]9o  excepted.  Figure  3 
shows  the  temperature  dependence  of  the  Seebeck  coefficient 
of  VB32.  Below  450  K  the  Seebeck  coefficient  can  be  well 
fitted  by  Mott's  formula  for  variable  range  hopping  [17]: 

SoZyff, 

whereas  above  450K  a  linear  behavior  occurs  which  is  typical 
for  metals  according  to: 


Table  1:  Model  parameter  T0  of  Mott's  variable  range 
hopping  model  and  activation  energy  e  describing  the 
thermal  activated  conductivity  above  500K  of  B: V  and 
pure  boron 


Sample 

To 

[K] 

8 

[meV] 

(3-rh.  B  (polycrystalline) 

5.1(4)109 

625  (3) 

P-rh.  B  (single  crystal) 

8.7(6)- 107 

630  (3) 

VB190 

2.9(2)-  10s 

260  (3) 

vb103 

1.6(1)- 105 

56(4) 

VB54 

1.0(1)-105 

20  (3) 

VB43 

6.1(4)-103 

17(3) 

VB32 

6.0(4)- 103 

22  (3) 
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Figure  2:  Seebeck  coefficient  of  p-rhombohedral  boron 
with  different  dopants  at  room  temperature  (Werheit  et 
al.  [4];  Slack  et  al.  [5];  Kuhlmann  et  al.  [11];  technical 
B  [14]. 
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At  lower  temperatures  a  satisfactory  fit  of  the  experimental 
data  is  also  possible  with  the  theory  on  the  thermoelectric 
power  of  a  semiconductor  near  the  Anderson  transition  [17]: 
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when  the  only  fit  parameter  of  the  equation  e,  describing  the 
distance  between  Fermi  energy  and  the  conduction  band  edge 
is  taken  from  Table  1.  Up  to  300K  the  Seebeck  coefficient  of 
VBigo  has  qualitative  the  same  behavior  like  that  of  the  other 
B:V  compounds.  But  above  300K  the  Seebeck  coefficient  of 
VB190  decreases  with  increasing  temperature  according  to  the 
typical  semiconductor  behavior. 


Figure  3:  Seebeck  coefficient  of  VB32  vs.  tempera¬ 
ture.  Solid  line,  Mott's  formula  for  variable  range 
hopping;  dashed  line,  theoretical  behavior  near  An¬ 
derson  transition;  dotted  line:  metallic  behavior.  Left 
ordinate,  measured  values;  right  ordinate,  correction 
according  to  room  temperature  data  (see  text). 


B:Co  remains  p-type  within  the  range  of  investigated 
Co  content.  Because  of  the  usually  much  lower  ionisation  of 
Co  compared  with  Fe  atoms  in  crystals,  a  transition  to  n-type 
may  require  Co  contents  that  exceed  the  solubility  limit. 

FIR  spectra  and  complex  dielectric  function 

The  FIR  reflectivity  (v  <  150  cm1)  of  metal-doped  (i-rhombo- 
hedral  boron  rapidly  increases  towards  lower  frequencies. 
This  behavior  is  due  to  the  dynamical  conductivity  and  obvi¬ 
ously  correlated  to  the  quantity  of  the  dc  conductivity  of  the 
particular  samples.  To  obtain  information  on  the  charge 
transport  mechanisms  from  the  spectra,  the  complex  dielec¬ 
tric  function  was  calculated  by  a  Kramers-Kronig  analysis 
and  fitted  by  using  different  transport  models.  Reliable  results 
require  simultaneous  fits  to  both  &•  and  Sj.  For  details  and 
numerous  examples  see  [18].  For  boron-rich  solids  in  general, 
satisfactory  fits  were  only  possible,  when  a  superposition  of 
Drude-like  and  hopping-type  transport  was  assumed.  As  an 
example,  an  improved  fit  to  the  spectrum  of  VB32  is  shown  in 
Fig.  4. 

The  classical  Drude  theory  was  used  for  the  contri¬ 
bution  of  band-type  carriers.  For  the  hopping  part  the  model 
of  Butcher  and  Morys  [19]  was  used.  It  is  the  ac  analogon  to 
dc  variable-range  range  hopping,  and  is  based  on  tunneling  of 
electrons  between  localized  states.  According  to  Dyre  [20] 
this  theory  is  largely  independent  of  the  specific  relaxation 
process  and  therefore  at  least  approximately  applicable  for 
boron  as  well  (for  detailed  discussion  see  [18]).  Of  course, 
this  general  model  does  not  allow  conclusions  on  specific 
details  of  the  kind  of  hopping.  Resonant  absorption  due  to 
carriers  between  localized  states  are  excluded,  since  the  ther¬ 
mal  energy  is  greater  than  the  photon  energy. 

From  fits  like  in  Figure  4  the  density  of  free  carriers 
was  derived  as  the  square  root  of  the  plasma  frequency  of  the 
Drude  part,  and  the  density  of  pairs,  between  which  hopping 
takes  place,  results  from  the  hopping  part.  The  obtained 
results  are  shown  in  Figure  5. 


Wavenumber  [cm  '] 

Figure  4:  e,  (a)  and  e,  (b)  of  VB32  at  different  tempera¬ 
tures.  Solid  lines,  experimental;  dotted  lines,  fit  by  su¬ 
perposition  of  free  carrier-type  and  hopping-type  trans¬ 
port  (see  text). 
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Figure  5:  Density  of  hopping  pairs  (left  ordinate)  and 
density  of  Drude-type  free  carriers  (right  ordinate)  of 
VBX  vs.  temperature. 

Both  densities  increase  with  increasing  metal  con¬ 
centration.  But,  while  the  density  of  free  carriers  increases 
with  temperature,  the  density  of  hopping  pairs  decreases. 
This  is  consistent  with  the  observed  dc  transport,  where  the 
hopping  processes  decrease  towards  higher  temperature, 
while  free  carriers  becomes  prevailing. 

The  model  of  hopping-like  transport  by  Pistoulet  et 
al.  [21]  is  based  on  potential  fluctuation  in  the  conduction  or 
valence  band.  Unfortunately  it  cannot  be  applied  to  boron, 
because  it  does  not  hold  for  thermal  energies  comparable  or 
greater  than  the  potential  fluctuation  like  in  the  case  of  all 
measurements  presented  in  this  paper. 

MIR  absorption  spectra 

Examples  of  the  MIR  absorption  spectra  of  B:V,  B:Co  and 
B  .Fe,  which  were  calculated  from  the  measured  reflectivity  by 
Kramers  Kronig  transformation,  are  shown  in  Figure  6.  The 
structures  in  the  range  <  0. 1  eV  are  due  to  phonons,  while  the 
broad  absorption  processes  are  due  to  electronic  transitions 
from  deep  localized  gap  states  into  extended  band  states.  The 
absorption  of  n-type  FeB29  5  is  not  much  higher  than  that  of  p- 
type  CoB49.  Obviously,  the  slightly  higher  occupation  of 
localized  gap  states  in  FeB295  is  sufficient  for  the  n-type 
character.  Besides  of  the  considerably  higher  absorption,  the 
spectrum  of  VB32  is  qualitatively  different,  because  the 
absorption  starts  at  much  lower  energies.  A  quantitative 
analysis  of  the  spectrum  yields  about  50  meV  as  distance 
between  Fermi  level  and  conduction  band  edge.  This  value 


Figure  6:  MIR  absorption  spectra  of  VB32,  FeB29  5  and 
C0B49  at  300K 


roughly  agrees  with  the  thermal  activation  energy  of  the 
electrical  conductivity  (Table  1).  Obviously  the  uppermost 
electronic  level  of  interstitially  accommodated  vanadium  in 
p-rhombohedral  boron  is  well  above  the  electron  trap  with 
the  lowest  ionization  energy  of  0. 188  eV. 

Conclusion 

The  interpretation  of  dc  conductivity,  dynamical  conductivity 
and  Seebeck  effect  of  B:V  requires  the  assumption  of  a  super¬ 
position  of  free-carrier  and  of  hopping-type  transport.  Doping 
of  p-type  p-rhombohedral  boron  to  n-type  is  possible  by  the 
interstitial  accommodation  of  specific  metal  atoms,  whose 
doping  level  must  be  above  the  electron  trapping  levels. 

hi  contrast  to  Fe,  interstitial  V  atoms  considera¬ 
bly  modify  die  band  structure  of  p-rhombohedral  boron. 
Therefore,  the  efficiency  of  its  electron  transfer  to  the  boron 
structure  is  much  higher. 

Up  to  700K,  the  limit  of  the  present  investigations, 
the  Seebeck  coefficient  of  higher-doped  B:V  increases 
monotonously  with  temperature. 
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Abstract 

Thermoelectric  properties  of  perovskite-type  oxides  are 
investigated  with  particular  interests  in  their  hopping  carrier 
mobility.  A  series  of  partial  substitution  for  metal  cations  in 
CaMn03,  a  perovskite-type  oxide  showing  small  polaron  hop¬ 
ping  conduction,  reveals  that  larger  substituents  for  both  Ca  and 
Mn  sites  result  in  higher  carrier  mobilities.  Consequently,  Bi 
and  In  attain  the  largest  ZT  values  for  the  Ca  and  Mn  site  substi¬ 
tutions,  respectively.  Increase  in  the  hopping  intersite  distance 
is  suggested  as  a  reason  of  the  enhanced  mobilities.  As  a  conse¬ 
quence,  the  largest  substituent  for  the  Mn  site,  In,  gives  the  high¬ 
est  mobility,  and  thereby  brings  about  the  largest  power  factor 
for  Ca(Mn0  9In0  i)03.  Also  benefiting  from  the  fairly  low  ther¬ 
mal  conductivity,  the  In-substituted  sample  attains  ZT  -  0.16  at 
900  °C. 

Introduction 

Commercialization  of  high-temperature  thermoelectric 
power  generation  in  practical  use  are  nowadays  more  and  more 
required  with  respect  to  improvement  in  the  energy  conversion 
efficiency  for  sustainable  energy  futures.  A  new  family  of  high- 
temperature  thermoelectric  materials  recently  developed, 
skutterudites  and  filled  skutterudites,  has  proven  that  the  em¬ 
pirical  limitation  of  the  conventional  materials  at  ZT  =  1  could 
really  be  overcome  [1-6].  Whereas  the  band  theories  can  pro¬ 
vide  essentially  good  explanations  also  for  the  skutterudite-re- 
lated  compounds,  some  ‘exotic4  materials  for  which  the  con¬ 
ventional  band  approximation  no  longer  holds  have  been  pointed 
out  to  be  also  interesting  (and  maybe  prospective)  in  terms  of 
high  temperature  thermoelectrics  [7,8]. 

In  some  solids,  hopping  movement  of  the  localized  elec¬ 
trons  (or  holes)  to  the  adjacent  sites  would  be  a  good  approxi¬ 
mation  for  the  electronic  charge  transport  mechanism,  rather  than 
a  conventional  picture  of  itinerant  electrons.  Small  polaron  hop¬ 
ping  is  frequently  observed  for  ionic  solids  such  as  oxides  and 
halides,  and  is  characterized  by  thermally  activated  hopping  of 
a  localized  electronic  carrier  accompanied  by  a  spatial  displace¬ 
ment  of  the  surrounding  lattice  atoms  induced  by  the  Coulomb 
interactions  between  the  carrier  and  the  polarized  crystal  lattice 
[9].  Because  hopping  conduction  should  inherently  result  in 
low  carrier  mobilities  (generally  <  0.1  -  1.0  cm2  V'1  s"1),  mate¬ 
rials  with  such  conduction  mechanisms  appear  to  be  hopeless 
judging  from  the  conventional  thermoelectric  theories  [10].  Nev¬ 
ertheless,  some  compounds  having  the  hopping  conduction 
mechanisms  have  been  revealed  to  show  prospective  thermo¬ 
electric  performance;  they  include  boron  carbide  and  boron- 
rich  borides,  and  some  transition  metal  silicides  [7,8].  These 
findings  imply  that  materials  showing  hopping  conduction  may 


deserve  to  examine,  even  if  their  mobilities  are  much  lower  than 
the  conventional  criteria.  Furthermore,  studies  on  the  thermo¬ 
electric  properties  of  materials  with  hopping  conduction  mecha¬ 
nisms  have  so  far  been  very  limited.  Experimental  investiga¬ 
tions  on  the  hopping  conduction  mechanisms  with  concerns  about 
the  thermoelectric  properties  would  be  expected  to  provide  a 
valuable  information  to  researches  for  novel  thermoelectric 
materials. 

We  have  already  reported  that  the  following  oxide  mate¬ 
rials  have  some  potential  for  high-temperature  thermoelectric 
applications,  also  being  outstandingly  advantageous  in  high  sta¬ 
bility  against  heat:  In203-Sn02  [11],  (Ca1.xAx)Mn03  [12,13], 
(Zn^AyO  [14-16],  and  (Zn^M^O  (M=  G a,  In)  [17].  Very 
recently,  some  other  oxide  materials  such  as  (Zn0)mln203  [18], 
Cdln204  [19],  and  Nd2_xCeCu04  [20]  also  appeared  in  the  lit¬ 
erature  in  terms  of  thermoelectric  conversion.  It  seems  to  be 
noteworthy  that  almost  all  of  these  oxides  can  be  classified  into 
oxides  with  ‘high’  mobility  (or  having  been  developed  aiming 
at  them).  However,  CaMn03-based  perovskite-type  oxides  ap¬ 
pear  to  be  an  exception,  because  they  are  known  to  exhibit  ther¬ 
mally  activated  hopping  conduction.  In  the  present  paper,  we 
have  focused  on  these  oxides  with  particular  interests  in  enhance¬ 
ment  of  the  hopping  carrier  mobility  in  order  to  improve  the 
high-temperature  thermoelectric  properties  of  the  oxides. 

Experimental 

Sintered  samples  of  CaMn03-based  oxides  were  prepared 
by  conventional  solid-state  reaction  from  powders  of  CaC03, 
MnC03,  and  corresponding  single  oxides  of  metal  substituents. 
Properly  weighed  powders  were  mixed  in  a  nylon-lined  ball  mill 
for  24  h,  and  calcined  at  850  °C  for  10  h  in  air.  The  resulting 
mixture  was  pulverized  and  pressed  into  a  pellet,  and  then  sin¬ 
tered  at  1300  °C  for  10  h  in  air.  The  relative  density  of  all  the 
sintered  pellets  were  confirmed  to  be  more  than  95%  by  the 
Archimedes'  method.  The  4-wire  measurement  of  the  electrical 
conductivity,  cr,  and  the  steady-state  measurement  of  the  See- 
beck  coefficient,  5,  were  simultaneously  carried  out  on  the  same 
sample  bar  of  ca.  5  mm  X  3  mm  X  15  mm  in  size.  The  mea¬ 
surement  procedures  and  an  experimental  setup  have  been  de¬ 
scribed  in  detail  elsewhere  [11,13].  The  Hall  measurements  were 
carried  out  by  the  van  der  Pauw  method  at  room  temperature 
applying  a  magnetic  field  of  0.8  T.  The  thermal  conductivity,  K 
was  determined  from  the  specific  heat  capacity  and  the  thermal 
diffusivity  measured  by  the  laser  flash  technique. 

Results  and  Discussion 

1.  System  (Ca1^xAx)Mn03 

The  Ca  sites  of  CaMn03,  being  in  12-fold  coordination 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


224 


16th  International  Conference  on  Thermoelectrics  (1997) 


and  often  referred  as  the  A  sites  of  the  A£03  perovskite  struc¬ 
ture,  were  first  subjected  to  partial  substitution  by  various  tri-  or 
tetravalent  metal  cations.  The  oxide  CaMn03  with  no  substitu¬ 
tion  was  an  n-type  semiconductor  with  rather  low  o  of  ca .  10'1 
S  cm"1  at  room  temperature.  The  substitution  of  the  higher  va¬ 
lence  cations  for  the  Ca  sites  resulted  in  a  significant  increase  in 
a  Moreover,  the  temperature  coefficient,  doldT,  of  the  samples 
changed  from  positive  to  nearly  zero  or  negative  by  the  substi¬ 
tution.  Although  negative  values  of  doldT  usually  imply  metal¬ 
lic  conduction,  hopping  conduction  with  a  small  activation  en¬ 
ergy  would  also  show  negative  doldT.  For  hopping  conduction 
in  which  hopping  of  the  charge  carriers  is  thermally  activated 
with  the  activation  energy  £a,  the  electrical  conductivity  is  given 
by  a  general  formula  as 

a=(C/7)exp(-£a/W),  (1) 

where  k  is  the  Boltzmann  constant  [21].  The  equation  predicts  a 
linear  relation  between  log  oT  and  T1,  instead  of  the  usual  Arrhe¬ 
nius  plots  for  log  o.  The  Tl  dependence  of  oT is  summarized 
in  Fig.  1  for  (Cao  9A0  !)Mn03.  In  the  temperature  region  below 
300  °C,  the  plots  for  all  the  samples  lie  on  the  straight  lines, 
confirming  the  validity  of  Eq.  (1).  The  reduction  of  the  activa¬ 
tion  energy  of  the  hopping  conduction  is  also  noticeable  for  the 
substituted  samples.  The  undoped  CaMn03  showed  an  activa¬ 
tion  energy  Ea  of  0.16  eV,  being  in  good  agreement  with  0.192 
eV  reported  for  LaCr03  [9]  and  0.19  ±  0.01  eV  for  LaMn03 
[22].  The  plots  for  all  the  substituted  samples  except  the  Sb- 
substituted  one  gave  small  and  virtually  the  same  £a  values  of 
0.02-0.04  eV.  For  the  Sb  substitution,  the  plots  below  150  °C 
appear  to  yield  Ea  of  ca.  0.16  eV,  very  similar  to  that  of  the 
undoped  sample. 

The  linear  relation  seen  in  Fig.  1  strongly  suggests  that 
hopping  conduction  occurs  in  the  CaMn03-based  perovskites. 
The  electrical  conductivity  of  small  polaron  hopping  with  the 
intersite  distance  a  can  be  written  in  an  adiabatic  case  as 

<7  =  ne/i  =  nea\A^T)  exp(-£j/fc7),  (2) 

where  n  is  the  carrier  concentration,  e  the  electrical  charge  of 
the  carrier,  jx  the  carrier  mobility,  Eh  the  activation  energy  for 
hopping  motion,  and  A0  is  the  pre-exponential  term  related  to 


the  carrier  scattering  mechanism  [21].  If  differences  in  n ,  A0, 
and  Eh  between  the  samples  are  sufficiently  small,  Eq.  (2)  at  a 
certain  temperature  can  give  rise  to  a  linear  relation  between  log 
o  and  log  a. 

Figure  2  clearly  depicts  the  excellent  linearity  between 
the  logarithm  of  ionic  radii,  rA,  of  the  cation  substituents  and 
the  logarithm  of  the  electrical  conductivity  at  room  tempera¬ 
ture,  crRT,  for  (Cao  9A0 j)Mn03.  The  carrier  concentrations  n 
are  assumed  to  be  predominantly  governed  by  the  concentra¬ 
tions  of  the  dopant  cations.  In  Fig.  2,  the  <JRT  values  for  tetrava¬ 
lent  cations  Pb4+  and  Sn4+  substituting  on  the  divalent  Ca  sites 
were  therefore  adjusted  by  a  factor  of  0.5.  It  should  be  noted 
that  the  ionic  radii  presented  here  are  the  values  for  6-fold  coor¬ 
dination  according  to  Shannon  [23],  since  we  cannot  find  a  com¬ 
plete  list  of  values  for  12-coordination,  which  is  actually  the 
case  for  the  A  site  cations  in  the  perovskite-type  oxides.  More¬ 
over,  as  mentioned  above,  the  assumption  of  almost  the  same 
value  of  £h  may  no  longer  hold,  which  is  certainly  so  for  the  Sb- 
substituted  sample.  Nevertheless,  in  spite  of  the  extreme  simple¬ 
ness  of  the  estimation,  Fig.  2  suggests  that  the  hopping  intersite 
distance,  which  presumably  varies  with  the  ionic  radii  of  the 
cation  substituents,  mainly  governs  the  conductivity  at  low  and 
intermediate  temperatures. 

2.  System  Ca(MnI.xBx)Os 

Since  the  formal  valence  formula  of  CaMn03  requires 
Mn4+  with  the  cP  electron  configuration,  the  Fermi  surface  of 
CaMn03  should  dominantly  consist  of  the  3d  electrons  of  Mn4+ 
in  an  octahedral  symmetry.  This  means  that  the  localized  car¬ 
rier  electrons  are  mostly  located  at  the  Mn  sites.  It  is  therefore 
of  much  interest  to  further  investigate  effects  of  the  Mn  site  sub¬ 
stitution  on  the  hopping  behavior  and  the  thermoelectric  prop¬ 
erties  of  CaMn03. 

Figure  3  represents  the  Arrhenius  plots  of  oT  for 
Ca(Mn09B0 .i)03,  where  B  denotes  several  typical  or  transition 
metal  elements.  The  linear  relation  observed  in  Fig.  1  is  also 
obvious  for  all  the  samples  in  the  temperature  region  at  least  up 
to  400  °C,  confirming  that  the  thermally  activated  hopping  con¬ 
duction  is  operative.  The  substituent  cations  with  the  high  for¬ 
mal  valence  numbers  such  as  Sb,  Nb,  and  Bi  resulted  in  the  larg- 


Fig.  1  The  Arrhenius  plots  of  oT  for  (Cao  yiojjMnO^ 


Fig.  2  The  electrical  conductivity  of  (Caoylo  i)Mn03  at 
room  temperature  as  a  function  of  the  ionic  radius  of  the 
cation  substituent  A. 
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Fig.  3  The  Arrhenius  plots  of  oT  for  Ca(Mn0 


est  increase  in  cr,  presumably  because  of  carrier  electron  dop¬ 
ing.  It  would  be  also  noteworthy  that  the  activation  energies  of 
the  samples  appear  to  be  divided  into  two  groups;  those  with  a 
much  larger  crvalues  compared  to  the  undoped  sample  are  con¬ 
siderably  small  as  0.02  -  0.05  eV  as  similar  to  those  seen  for  the 
substituted  samples  in  Fig.  1,  while  those  showing  no  improve¬ 
ment  in  a  are  very  similar  to  that  of  the  undoped  CaMn03.  The 
activation  energy  of  hopping  conduction  is  generally  a  sum  of 
that  for  ionization  of  donor  (or  acceptor)  centers  to  generate  the 
charge  carriers,  Ev  and  that  for  hopping  motion  of  the  carriers 
from  one  site  to  another,  i.  e.,  £a  =  Ex  +  E^.  It  is  therefore 
probable  that  Ex  may  become  negligible  for  the  heavily  doped 
samples  for  which  the  carrier  concentrations  are  extrinsically 
fixed.  Since  Eh  can  be  derived  from  the  temperature  depen¬ 
dence  of  the  Hall  mobility,  this  question  should  be  subjected  to 
further  investigations. 

The  assumption  underlying  the  explanation  of  the  good 
correlation  observed  in  Fig.  2  was  that  a  directly  reflects  the 
variation  in  the  carrier  mobility.  We  have  hence  measured  the 
Hall  coefficients  of  Ca(Mn0  gB0  A)0$  in  order  to  investigate  the 
real  influence  of  the  substitutions  on  the  hopping  carrier  mobil¬ 
ity.  Due  to  our  experimental  limitations,  the  Hall  measurements 
in  the  present  study  were  carried  out  only  at  room  temperature. 
Undoped  CaMn03  showed  a  carrier  concentration,  n,  of  4.2  X 
1017  cm-3  and  a  mobility  of  0.37  cm2  V'1  s_1.  It  should  be  noti¬ 
fied  that  increase  in  n  was  obvious  for  most  of  the  substituted 
samples,  particularly  for  those  by  pentavalent  cations  (Nb,  V, 
Sb,  Bi).  However,  no  clear  correlation  was  found  between  the  n 
values  and  the  valence  numbers  of  the  substituents.  The  Hall 
carrier  mobilities,  f t%,  of  Ca(Mn0  9#0.i)O3  determined  at  room 
temperature  are  summarized  in  Fig.  4  as  a  function  of  ionic  ra¬ 
dius,  rB,  of  the  substituting  cations  in  6-fold  coordination.  Ob¬ 
viously,  the  larger  substituents  leads  to  the  higher  mobilities, 
almost  regardless  of  the  formal  valence  numbers  of  the  cation 
substituents.  These  results  strongly  support  the  hypothesis  that 
the  substitution  of  the  lattice  points  by  the  larger  cations  results 
in  the  increase  in  the  hopping  intersite  distance.  The  highest  /iH 
value  of  1.1  cm2  V’1  s-1  was  observed  for  the  sample  with  the 
largest  substituent  for  the  Mn  site,  In.  This  value  is  also  consis¬ 
tent  with  the  predicted  higher  limit  of  1.0  -  0.1  cm2  V'1  s'1  for 
the  small  polaron  hopping. 

The  temperature  dependence  of  the  Seebeck  coefficient, 
5,  of  Ca(Mn0  j)03  is  shown  in  Fig.  5  for  several  representa¬ 


Fig.  4  The  Hall  carrier  mobility  of  Ca(Mn0 .9#o.i)03  at 
room  temperature  as  a  function  of  the  ionic  radius  of  the 
cation  substituent  B. 


Fig.  5  Temperature  dependence  of  the  Seebeck  coefficient 
for  Ca(Mn0  9B0  !)03. 

tive  samples.  All  these  samples  have  negative  5,  with  the  abso¬ 
lute  values  being  reduced  by  the  substitutions.  This  tendency 
would  be  ascribed  to  the  increased  n,  particularly  for  the  samples 
with  Nb,  V,  Sb,  and  Bi  whose  n  values  were  as  large  as  1  X 
IO20-  5  X  1021  cm'3.  However,  the  absolute  S  values  appear 
to  be  still  fairly  large  even  for  these  heavily  doped  samples.  Even 
more,  the  In-substituted  sample  showed  S  of -250  /iV/K  at  room 
temperature,  and  the  absolute  value  increased  almost  linearly 
with  increasing  temperature  at  least  up  to  about  800  °C  where 
the  intrinsic  conduction  began  to  influence,  reaching  more  than 
-300  jUV/K.  Such  absolute  S  values  are  definitely  too  large  for 
metallic  conduction.  It  is  also  noteworthy  that  n  of  the  In-sub¬ 
stituted  sample  was  2.2  X  IO20  cm'3,  being  almost  twice  higher 
than  that  of  the  Bi-substituted  sample.  The  enhanced  may 
be  responsible  for  such  a  large  S  even  at  high  n.  Whereas  the 
general  theories  of  the  small  polaron  hopping  conduction  pre¬ 
dict  an  almost  temperature-independent  S  [21],  linear  increase 
in  S  with  increasing  temperature  has  also  been  experimentally 
reported  for  polaron  hopping  conduction  in  LaCr03  [9]  and  the 
hopping  between  inequivalent  sites  in  boron-rich  carbides  [24- 
26]. 

The  temperature  dependence  of  the  power  factors,  5%, 
of  Ca(Mn0.9B0.i)O3  is  plotted  in  Fig.  6.  Clearly,  the  In-substi¬ 
tuted  sample  shows  the  largest  power  factor  of  all  the  samples 
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Fig.  7  Temperature  dependence  of  the  figure  of  merit 
for  Ca(Mna9Inai)03,  (Cao.9Bio.i)Mn03,  and  CaMn03. 


over  the  whole  temperature  range.  The  power  factor  of  the  ox¬ 
ide  increases  up  to  900  °C,  and  then  rapidly  decreases,  attaining 
a  maximum  value  of  3.5  X  10"4  W  nr*  K-2.  The  thermal  con¬ 
ductivity,  K  of  Ca(Mn0  9In0  i)03  at  room  temperature  was  al¬ 
most  the  same  as  that  of  undoped  CaMn03  as  3.4  W  m_1  K"1, 
and  decreased  with  increasing  temperature  down  to  2.6  W  m"1 
K-1  at  800  °C. 

The  figure  of  merit,  Z  =  S^g/k,  of  Ca(MnQ  9Ino  i)03  is 
depicted  in  Fig.  7  in  comparison  with  those  of  (Cao  9Bio  j)Mn03 
and  CaMn03.  The  values  at  900  and  1000  °C  were  obtained 
from  k  extrapolated  by  assuming  the  Tx  proportionality.  Im¬ 
provement  in  Z  is  significant  for  Ca(Mno  9InQ  i)03  in  both  low 
and  high  temperature  regions  compared  with  (Cao  9Bio  j)Mn03, 
which  oxide  marked  the  best  Z  for  the  Ca  site  substitution.  The 
largest  Z  was  0.14  X  10"3  K’1  at  900  °C,  yielding  a  maximum 
ZT  value  of  0. 16.  Although  ZT  at  present  is  still  insufficient  for 
commercialized  practical  applications,  this  value  appears  to  be 
one  of  the  best  performance  of  oxide  materials  so  far  investi¬ 
gated.  As  the  largest  value  of  oxide  materials,  Z  =  0.24  X  10"3 
K_1  has  been  observed  on  Zn0 .98Alo.o2^  h  =  2.2  X  1019 
cm"3  and  =  80  cm2  V"1  s“*  [16].  On  the  other  hand,  the 
CaMn03-based  perovskites  were  here  revealed  to  attain  Z=  0.14 
X  10"3  K"1  on  the  sample  with  n  -  2.2  X  1020  cm"3  and  fiH  = 
1.1  cm2  V"1  s"1;  a  comparable  Z  value  was  observed  even  with 
the  10-fold  higher  carrier  concentration  and  more  than  70  times 
lower  mobility.  These  facts  imply  that  the  hopping  conduction 
mechanism  would  be  advantageous  to  proceed  beyond  a  theo¬ 
retical  limit  predicted  for  the  conventional  broadband  materials. 
Enhancement  in  the  hopping  carrier  mobility  of  unconventional 
candidate  materials  is  therefore  expected  to  be  of  great  interest 
for  development  of  novel  thermoelectric  materials. 
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Abstract 

To  investigate  the  effects  of  solid  solution  alloying  on 
the  thermoelectric  properties  of  PbTe-based  thermo¬ 
electric  materials,  0.3  wt%  Bi-doped  (Pbi-xGex)Te 
alloy  powders  (0  ^  x  ^  0.15)  were  fabricated  by 
"melting/grinding"  process,  and  hot-pressed  at  650 °C 
and  750  °C  for  1  hour  in  vacuum.  At  the  temperatures 
ranging  from  25 °C  to  450  eC,  the  (Pbi-xGex)Te  alloys 
exhibited  more  negative  Seebeck  coefficient,  higher 
electrical  resistivity  and  lower  thermal  conductivity 
with  increasing  the  GeTe  content.  The  temperature, 
where  the  figure-of-merit  of  (Pbi-xGex)Te  reached  a 
maximum,  was  lowered  with  increasing  the  GeTe 
content  x.  When  hot-pressed  at  650  eC,  0.3  wt% 
Bi-doped  PbTe  and  (Pbo.gGeo.i)Te  exhibited  a  maxi¬ 
mum  figure-of-merit  of  1.07X10  3/K  at  400  °C  and  1.25 
xi0  3/K  at  300  °C,  respectively. 

Introduction 

PbTe  has  been  widely  applied  for  the  thermoelectric 
generators  using  various  heat  sources.  It  has  been 
proposed  that  solid  solution  alloying  of  thermo¬ 
electric  materials  can  improve  the  figure-of-merit 
by  decreasing  the  lattice  thermal  conductivity  [1,2]. 
The  concept  of  solid  solution  alloying  has  been  in 
great  success  for  improving  the  figure-of-merit  of 
(Bi,Sb)2(Te,Se)3  alloys  [2].  The  figure-of-merit  of 
PbTe  may  also  be  expected  to  be  increased  by  solid 
solution  alloying  with  SnTe  and  GeTe,  because 
substantial  phonon  scattering  can  occur  due  to  the 
lattice  distortion  introduced  by  the  large  differences 
in  atomic  masses  and  sizes  of  the  constituent  atoms 
[3].  However,  few  work  has  been  reported  on  the 
thermoelectric  properties  of  the  poly  crystalline 
(Pb,Ge)Te  alloys. 

In  this  paper,  (Pbi  xGex)Te  (0  ^  x  <  0.15)  alloys 
doped  with  0.3  wt%  Bi  as  donor  dopants  were 
fabricated  by  "melting/  grinding"  process  and  hot 
pressing.  Microstructure  and  the  thermoelectric 
properties  of  the  hot-pressed  (Pbi  xGe)Te  alloys  were 
characterized  with  the  GeTe  content. 


Experimental  procedure 

High  purity  (>  99.99%)  Pb,  Ge,  and  Te  granules  (~ 
5  mm  size)  were  washed  with  10%  nitric  solution, 
acetone,  and  distilled  water  to  remove  the  surface 
oxide  layer.  The  appropriate  amounts  of  Pb,  Ge  and 
Te  were  weighed  to  make  40g  of  (Pbi  xGex)Te  (0  < 
x  <  0.15)  and  charged  with  0.3  wt%  Bi  as  donor 
dopants  into  a  quartz  tube.  The  inside  wall  of  the 
quartz  tube  was  carbon-coated  by  acetone  cracking. 
The  quartz  tube  was  evacuated  to  10  5  torr  and 
sealed.  Pb,  Ge  and  Te  in  the  quartz  tube  were 
melted  at  1000  °C  for  2  hours  using  a  rocking 
furnace  to  ensure  the  composition  homogeneity,  and 
then  quenched  to  room  temperature.  The 
(Pbi-xGex)Te  ingots  were  then  grown  in  a  zone 
melting  furnace  at  1000°C  with  a  growth  rate  of  1 
mm/min.  The  (Pbi-xGex)Te  powders  were  obtained  by 
crushing  the  ingots  to  90  ~  250  Pm  size.  Observation 
with  scanning  electron  microscopy  (SEM)  revealed 
many  cracks  in  each  powder,  which  were  formed 
during  crushing.  A  reduction  treatment  of  the 
(Pbi-xGex)Te  powders  was  conducted  at  400  °C  for  24 
hours  in  (50%  H2  +  50%  Ar)  atmosphere.  The 
(Pbi-xGex)Te  powders  were  cold-pressed  at  475  MPa 
to  form  5  mm  x  5  mm  x  10  mm  compacts,  and  hot 
pressed  in  vacuum  for  1  hour  at  650  eC  and  750  °C. 
Polished  surfaces  of  the  hot-pressed  specimens  were 
observed  using  optical  microscopy.  Lattice 
parameters  of  the  (Pbi-xGex)Te  alloys  were 
characterized  by  X-ray  Diffraction  (XRD).  The 
Seebeck  coefficient  (a)  of  the  hot-pressed  specimens 
was  measured  at  temperatures  ranging  from  25  °C  to 
450  °C  by  applying  a  temperature  difference  of  20  °C 
at  both  ends  of  a  specimen  using  a  sub-heater.  The 
electrical  resistivity  (p)  and  thermal  conductivity  (k) 
were  measured  using  Harman  method  [4].  All 
thermoelectric  measurements  were  performed  in  a 
vacuum  of  10~5  torr  to  minimize  the  oxidation  of  the 
specimens  and  the  thermal  conduction  through 
convection.  The  figure-of-merit  was  calculated  from 
Z  =  ctVp-K. 
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Results  and  Discussion 

The  (Pbi-xGex)Te  (0  ^  x  <  0.15)  alloys  were  fully 
densified  close  to  the  theoretical  density  by  hot 
pressing  at  650  °C  and  750  °C.  XRD  patterns  of 
(Pbi-xGex)Te  alloys  revealed  the  single  phase  of  the 
NaCl-type  PbTe  structure.  As  shown  in  Fig.  1,  the 
lattice  parameter  of  the  (Pbi~xGex)Te  alloys  decreased 
almost  linearly  with  increasing  the  GeTe  content  up 
to  x  =  0.15,  which  may  indicate  the  complete  solid 
solution  of  PbTe  and  GeTe.  In  PbTe-GeTe  pseudo¬ 
binary  system,  the  solubility  of  GeTe  in  PbTe  is  more 
than  20%  at  temperatures  below  750 °C  [5].  Fig.  2 
illustrates  optical  micrographs  of  the  (Pbi-xGex)Te 
alloys  hot-pressed  at  650  °C.  High-density  grains  of 
polygonal- shape  were  developed  and  the  grain  sizes 
were  almost  the  same  for  all  compositions. 

The  thermoelectric  properties  of  (Pbi-xGex)Te  hot- 
pressed  at  650  °C  and  750  °C  are  shown  in  Fig.  3  and 
Fig.  4,  respectively.  The  increase  of  the  Seebeck 
coefficient  and  the  electrical  resistivity  with  increasing 
the  temperature  came  from  the  temperature  depend¬ 
ence  of  the  carrier  mobility.  Since  the  hot-pressed 
(Pbi-xGex)Te  alloys  were  in  extrinsic  region  up  to  450 
°C,  as  shown  in  Figs.  3(b)  and  4(b),  the  carrier 
concentration  was  saturated  in  this  temperature  range. 
Thus,  the  increase  of  the  electrical  resistivity  and  the 
Seebeck  coefficient  was  mainly  due  to  the  decrease  of 
\ie  with  increasing  the  temperature.  The  Seebeck 
coefficient  and  the  electrical  resistivity  increased  with 
the  GeTe  content  x,  which  might  be  caused  by  the 
decrease  of  the  electron  concentration  due  to  p-type 
characteristics  of  GeTe  [6].  For  the  same  composition, 
(Pbi-xGex)Te  hot-pressed  at  750°C  exhibited  a  slightly 
higher  Seebeck  coefficient  and  electrical  resistivity 
than  the  specimens  hot-pressed  at  650  °C.  Powdering 
process  for  sintered  PbTe  has  been  reported  to 
introduce  donor  levels  by  generating  electrically-active 
point  defects  [7,8].  When  the  (Pbi-xGex)Te  alloys  were 
hot  pressed  at  higher  temperature,  the  point  defects 
introduced  by  powdering  action  could  be  removed 
more  easily,  resulting  the  increase  of  the  electrical 
resistivity  and  hence  the  Seebeck  coefficient. 

It  is  worth  to  emphasize  that  the  thermal  conductivity 
of  (Pbi-xGex)Te  was  lowered  with  increasing  the 
GeTe  content,  as  shown  in  Figs.  3(c)  and  4(c).  It  has 
been  proposed  that  solid  solution  alloying  of  VI-IV 
thermoelectric  materials  reduces  the  lattice  thermal 
conductivity  by  introducing  short-range  distortions  in 
the  lattice  [1,3].  Contrary  to  this,  however,  the  lattice 
thermal  conductivities  of  PbTe-SnTe  alloys  were 
reported  to  be  higher  than  the  value  of  PbTe  [9].  For 
the  (Pbi-xGex)Te  alloys,  the  electrical  component  of 
the  thermal  conductivity  was  calculated  from  Kei  =  Lo 
T  with  taking  L  as  1.48x10  8  Fig.  5  clearly 


Fig.  1  Lattice  parameter  of  the  (Pbi~xGex)Te 
alloys  hot-pressed  at  650 °C  and  750 °C. 


Fig.  2  Optical  micrographs  of  (Pbi-xGex)Te  •  (a)  x 
=  0,  (b)  x  =  0.05,  (c)  x  =  0.1,  (d)  x  =  0.15 
(hot-pressing  temperature  ‘  650  °C) 


229 


16th  International  Conference  on  Thermoelectrics  (1997) 


0  100  200  300  400  500 

Measuring  temperature  (”C) 

Fig.  3  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity, 

and  (d)  figure-of-merit  of  the  (Pbi-xGex)Te  alloys  hot-pressed  at  650 *C. 
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Fig.  4  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity, 
and  (d)  figure-of-merit  of  the  (PbtxGex)Te  alloys  hot-pressed  at  750 "C. 
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Fig.  5  The  variation  of  (k  -  Kei)  of  the  (Pbi-xGex)Te  alloys  hot-pressed  at  (a)  650 °C  and  (b)  750 °C. 


illustrates  the  decrease  of  the  (k  -  Kei)  values  with 
increasing  the  GeTe  content  x,  especially  in  the 
composition  range  of  0.05  ^  x  ^  0.1.  Kei  also 
decreased  with  increasing  the  GeTe  content.  However, 
the  contribution  of  Kei  to  the  total  thermal  conductivity 
was  relatively  small,  compared  with  (k  -  Kei). 

Figs.  3(d)  and  (4)d  illustrate  that  the  temperature, 
where  the  figure-of-merit  of  (Pbi-xGex)  Te  reached  a 
maximum,  was  lowered  with  increasing  the  GeTe 
content  x  and  the  hot-pressing  temperature.  When 
hot-pressed  at  650  °C,  PbTe  and  (Pbo.9Geo.i)Te 
exhibited  a  maximum  figure-of-merit  of  1.07  x  10  3/K 
at  400  °C  and  1.25X  10"3/K  at  300 °C,  respectively.  For 
(Pbi  xGex)Te  hot-pressed  at  750 “C,  a  maximum  figure 
-of-merit  of  0.99xlO'3/K  at  400 "C  and  1.11X10'3/K  at 
100°C  was  obtained  for  PbTe  and  for  (PbossGeo.irOTe. 

Summary 

The  (Pbi-xGex)Te  (0  ^  x  <  0.15)  alloys  doped 
with  0.3  wt%  Bi  were  fully  densified  by  hot  pressing 
at  650 °C  and  750 °C,  and  the  lattice  parameter  of  the 
alloys  decreased  almost  linearly  with  increasing  the 
GeTe  content.  The  (Pbi-xGex)Te  alloys  exhibited  more 
negative  Seebeck  coefficient,  higher  electrical 
resistivity  and  lower  thermal  conductivity  with 
increasing  the  GeTe  content.  The  (k  -  Kei)  values  of 
the  (Pbi  xGex)Te  alloys  decreased  with  increasing  the 
GeTe  content  x,  especially  in  the  range  of  0.05  x 
<  0.1.  The  temperature,  where  the  figure-of-merit  of 
(Pbi-xGex)Te  reached  a  maximum,  was  lowered  with 
increasing  the  GeTe  content  and  the  hot-pressing 
temperature.  For  the  (Pbi-xGex)Te  alloys  hot-pressed 
at  650 °C,  (Pbo.9Geo.i)Te  exhibited  a  maximum  figure- 


of-merit  of  1.25xiO"3/K  at  300  °C.  With  hot  pressing 
at  750 °C,  a  maximum  figure-of-merit  of  1.11X103/K 
was  obtained  at  100°C  for  the  (Pbo.85Geo.15)  alloy. 
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Abstract 

Amorphous  Sii_xGex  films  (x=0,  0.25,  0.5,  0.75  and 
1,  having  Boron  concentrations  of  510*8,  510*^  and 
S-lO^cm^),  were  deposited  at  low  temperature  by  a 
molecular  beam  processing  on  SiO2/Si(001)  substrates. 
Samples  were  studied  by  in-situ  TEM  and  in-situ  XRD  to 
follow  the  crystallization  process.  In  addition,  transport 
properties  were  studied  in  samples  which  were  annealed  in 
vacuum  by  a  hot-wall  furnace  at  temperatures  between  500  to 
900°C  for  1  hour.  The  microstructure  of  B-doped  SiGe  films 
is  characterized  by  a  relatively  large  grain  size  (about  1pm). 
The  Sio.sGeo.S  films  have  a  rather  high  and  temperature 

independent  Hall  mobility  (25  to  60  cm^/V sec),  Seebeck 
coefficient  (-150  to  250  jiV/K  at  room  temperature)  and 
conductivity  ((200  to  2000  (Ohm-cm)"*  at  room  temperature). 
Therefore,  the  highly-doped  pc-SiGe  films  that  we  produce  in 
the  present  research  project  show  transport  characteristics 
comparable  to  the  sintered  SiGe  materials  for  thermoelectric 
applications. 

I,  Introduction 

Bulk  Sii_xGex  is  used  for  thermoelectric  applications 
in  the  form  of  sintered  powder  having  a  composition  varying 
between  x=0.2  and  x=0.7  and  a  grain  size  ranging  from  1  to 
100pm.  The  advantages  of  Sii_xGex  as  a  thermoelectric 
material  are:  1)  low  thermoconductivity  (X)  having  a 
minimum  value  at  x*0.5;  and  2)  high  charge  carriers  mobility. 
Increase  of  the  figure  of  merit  Z=S^aA  of  SiGe  by  decreasing 
the  grain  size  from  100  to  1pm  was  predicted,  but  was  found 
to  be  not  effective  since  while  the  thermal  conductivity  is 
decreased  with  grain  size,  the  electrical  conductivity  is  also 
slightly  decreased,  so  that  no  sufficient  change  in  the  figure  of 
merit  is  observed  [1].  Some  thermoelectric  properties  of  Ga- 
doped  nanocrystalline  SiGe  films  were  recently  reported  by  us 
[2]. 

SiGe  Peltier  elements  can  be  incorporated  in  a  Si  chip 
because  SiGe  material  is  compatible  with  VLSI  processing. 
However,  up  to  now,  only  one  article  was  published 
concerning  SiGe  film  application  as  a  thermoelectric  integrated 
element  [3]. 

The  main  advantages  of  microcrystalline  Sii-xGex 
films  on  insulating  Si(>2  substrate  are:  a)  clean  molecular 
beam  deposition  processing,  b)  wide  range  of  Ge  content  (x) 
and  doping  type/concentrations.  Here  we  present  the  first 
results  of  structure  and  thermoelectric  properties  studies  of  p- 
type  microcrystalline  Sii.xGex  films. 


II.  Experimental 

B-doped  Sii_xGex  films,  0.2pm  thick,  having  the 
composition  x=0,  0.25,  0.5,  0.75  and  1,  and  dopant  (B) 
concentration  of  510*8,  5-10*^  and  5*10^  cm"**,  were 
deposited  by  molecular  beam  processing  on  Si(>2/Si(001) 

substrates  at  a  temperature  of  200°C . 

In-situ  X-Ray  Diffraction  (XRD)  experiments  were 
carried  out  at  ESRF,  Grenoble-France.  A  special  high- 
temperature  chamber  with  vacuum  of  10“^Torr  was  used  to  detect 
(220)  SiGe  reflection  during  the  crystallization  process  in  the 
temperature  range  of  300  to  1000°C  and  exposures  from  15  min 
to  12  h. 

The  crystallization  of  the  Sij-xGex  films  was  studied 
also  by  means  of  in-situ  TEM,  equipped  with  a  hot  stage,  at  the 
temperature  range  between  500  to  800°C,  in  Max-Planck- 
Institute  of  Microstructure  Physics,  Halle/Saale. 

Annealing  of  the  films  for  measurement  of  transport 
properties  was  done  in  a  hot-wall  furnace,  having  a  vacuum  near 
10‘^Torr  at  temperatures  between  600  and  900°C  and  times 
between  15  min  and  16  hours. 

The  electrical  conductivity  cr,  the  Hall  coefficient  Rji 
and  the  Seebeck  coefficient  S  were  measured  in  the  temperature 
range  between  85  and  375K.  All  measurements  were  carried  out 
at  the  Laboratory  of  Thin  Films  at  Physical  Faculty  of  the 
Martin-Luther  University  Halle-Wittenberg. 

III.  Results  and  Discussion 

IIL1.  Structure  of  B-doped  Sii-xGex  films 

After  thermal  annealing  during  lh  at  T>450°C  (Ge), 
T2750°C  (Si)  and  at  the  intermediate  temperatures  (SiGe), 
amorphous  films  crystallized  to  the  microcrystalline  state.  Fig.  la 
shows  crystallization  kinetics  of  a-Sio.5Geo.5  films,  undoped 
and  B-doped,  at  550  and  600°C. 

The  TEM  plan-view  in  Fig.2  demonstrates  a  typical 
microcrystalline  morphology  of  the  B-doped  ([B]=5T0^cm  ^) 
Sio.sGeo.S  film.  An  average  grain  size  was  about  1pm  and  the 
film  was  totally  crystallized  at  600°C  for  lh.  Precipitation  of 
SiBtf  in  highly  B-doped  films  was  observed  in  course  of  the  in- 
situ  TEM  experiments  at  650-800°C  for  15  to  30  min.  Selected 
area  diffraction  (SAD)  in  Fig.2  shows  SiBfi  (precipitates) 
reflections  (arrows).  The  morphology  of  the  plate-like 
precipitates  produced  striations  along  <110>  directions  of  SiGe 
in  the  large  grains,  when  {001}  face  oriented  perpendicular  to  the 
electron  beam.  Solubility  limit  of  Boron  in  SiGe  is  not  known, 
however,  upper  limit  of  Boron  solubility  in  Si  at  T=700°C  is 
only  2*10^cm"3  and  B-phase  precipitation  in  SiGe  with 
[B]=5T0^^cm“*^  [4]  is  expected. 
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Figure  L  Structure  of  microcrystalline  SiGe  films. 

(a)  Crystallization  kinetics  of  a-Sio  sGeo.S  intrinsic  and  doped 
films  at  550°C  and  600°C  via  in-situ  XRD  and  (b)  (220) 
crystalline  Sio.sGeo.5  peak. 


Figure  2.  Plan-view  TEM  micrograph  and  SAD  of  Sio.5Ge()5 
Boron-doped  film  ([B]=5  10^^cm‘^)  annealed  at  600°C  for  lh. 


III.2.  Transport  properties  of  B-doped 
microcrystalline  Sii-xGex  Films 

Data  of  Hall  mobility,  Seebeck  coefficient,  and 
power  efficiency  factor  which  were  measured  by  us  in  the 
temperature  range  of  -188  to  107°C  for  Sii_xGex:B  film 
crystallized  at  600°C  for  lh  are  presented  as  a  function  of  the 
doping  level,  Ge  content  (x)  and  crystallization  temperature  in 
Figs.3-5. 

A  weak  temperature  dependence  of  the  carrier  concentration 
(not  shown  in  Figs)  ,  the  mobility  and,  consequently,  of  the 
conductivity  was  found,  as  expected  from  degenerated 
crystalline  SiGe  material  [5,6].  The  increase  of  S  (Fig.4) 
with  temperature  results  in  the  gain  of  the  power  efficiency 
parameter,  S^a. 

It  is  important  to  notice  that  after  600  to  800°C 
annealings  for  1  hour,  all  the  Sii-xGex  films  have  a  rather 
high  and  temperature  independent  Hall  mobility  values  (Fig.3) 
in  the  range  of  25  to  60  cm^/Vsec.  All  the  typical  transport 
characteristics  observed  for  microcrystalline  Si0.5Geo.5:B 
films  were  also  typical  for  Sio.25Geo.75:B  films  with 
[B]=5-10^cnr3  The  power  factor  S^a  was  found  to  be 
practically  indifferent  to  the  Ge  concentration  (x)  and  the  film 
annealing  temperature . 

The  carrier  transport,  like  in  MOS  devices,  developes 
via  drift  process,  with  a  drift  mobility  (pj>  or  ji)  typical  to  this 
transport.  Detailed  analysis  of  the  Hall  factor  ih=  p|j/  MD<  1 
of  epitaxial  p-Sil-xGex  films  with  0<x<0.36  is  given  for 

doping  level  of  [B]=10^  to  lO^cm"^  in  Ref.7.  The  main 
result  obtained  in  Ref.8  is  that  the  value  of  p  is  about  5  to  7 
times  greater  than  pjj>  with  rEF=0.15  to  0.2  for  x=0.36  to 
0.17,  respectively.  Therefore,  a  hole  drift  mobility  of  200  to 
350  cm^/V sec  is  expected  in  SiGe  thermoelectrical  transport 
devices. 

Presently,  thermoelectric  Peltier  elements  are 
produced  by  using  SiGe  powder  sintered  or  zone-levelled  in  a 
bulk  form.  The  first  Si}_xGex  alloys  were  studied  by  RCA 
group  [8] » which  reported  S  value  of  about  80  to  240  pV/K 
(depending  on  x)  and  a  room  temperature  the  Hall  hole 
mobility  of  the  order  of  35  to  90  cm^/Vsec,  decreasing  with 
the  doping  level  and  Si-content.  Later  an  improved 
thermoelectric  conversion  efficiency  at  T=1000K  was  reported 
[9]  for  a  small-grained  (3  to  5pm)  compacts,  compared  to  a 
large-grained  (>10pm)  SiGe  samples.  A  detailed  analysis  of 
the  mobility  and  the  carrier  concentration  in  sintered  p- 
Sio.7Geo.3  bulk  samples  [10]  showed  that  the  composition 
and  temperature  dependence  of  the  mobility,  p,  in  Si}.xGex 
alloy  can  be  given  by  a  semi-empiric  formula: 

M=fMa/4x(l-x)](300/I)05  (1) 

where  the  parameter  (i^=160cm^/Vsec.  Using  this  relationship 
and  the  data  of  B  solubility  in  Si,  the  calculated  hole  Hall 
mobility  in  Sio.7Geo.3  for  large  grain-size  sintered  samples, 
or  for  single  crystal,  was  found  to  be  in  the  range  from  65 
cm^/Vsec  for  [B]=10^cm“^  to  55  cm^/Vsec  for 
[BJ=5-10^cm”3  These  values  fit  with  our  data,  as  measured 
for  microcrystalline  Sii_xGex  films  with  x=0.25  to  0.75 
(Fig-3). 
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As  it  was  shown  in  Ref.l,  the  thermal  conductivity 
of  sintered  Sio.gGeo.2  samples  decreased  with  decreasing  of 
the  particle  size  (from  134  to  3pm).  However,  the  figure  of 
merit  was  not  significantly  increased  due  to  a  reduction  in  the 
electrical  conductivity  with  grain  size  decrease.  Experimental 
values  measured  for  hole  Hall  mobilities  varied  within  the 
range  of  25  to  35  cm^/Vsec  at  room  temperature.  Thermal 
conductivity  data  on  our  microcrystalline  films  would  allow  a 
calculation  of  Z  values  for  comparison  purposes. 


Figure  4.  The  Seebeck  coefficient  of  Sij-x^x  fil®8  having 
different  Boron  concentration,  after  600°C/lh  annealing  (a), 
films  with  [B^S  lO^cm*3  crystallized  at  different  temperatures 
(b)  and  having  different  Ge  content,  annealed  at  600°C/lh  and 
containing  [B]=510^^cm“3  (c). 


Figure  3.  The  hole  Hall  mobility  of  Si^x^x  having 
different  Boron  concentration,  after  600°C/lh  annealing  (a), 
films  with  [B]=51020cm‘3  crystallized  at  different  temperatures 
(b)  and  having  different  Ge  content,  after  annealing  at  600°C/lh 
and  containing  [B]=5-  lO^cm"3  (c). 


IV.  Conclusions 

(i)  Amorphous  Sii-x^x  fihns  (x=0,  0.25,  0.5,  0.75 
and  1,  having  Boron  concentrations  of  5*10^,  5*10^  and 
5-10^0cm'3,  were  deposited  at  low  temperature  by  a  molecular 
beam  processing  on  SiC>2/Si(001)  substrates  and  then  the 
films  were  annealed  in  vacuum  at  temperatures  between  500  to 
900°C  for  1  hour.  Annealed  SiGe  films  were  polycrystalline 
having  an  average  grain  size  of  -  1pm. 

(ii)  The  SiGe  films  demonstrated  Hall  mobility  of  25 

to  60  cm^/Vsec,  Seebeck  coefficient  of  150  to  250  pV/K  )  and 
conductivity  200  to  2000  (Ohmcm)'1  at  room  temperature. 

(iii)  Therefore,  the  pc-SiGe  films  that  we  produce  in 
the  present  research  show  transport  characteristics  comparable 
to  the  sintered  SiGe  materials  for  thermoelectric  application. 
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Figure  5.  Power  efficiency  factor  of  Si  \  -x^x  fifnis  having 
different  Boron  concentration,  after  600°C/lh  annealing  (a), 
films  with  fB]=5*1020cm'3  crystallized  at  different  temperatures 
(b)  and  having  different  Ge  content,  annealed  at  600°C/lh  and 

containing  [B]=5  10^^cm^  (c). 
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Abstract 

The  thermoelectric  properties  of  the  p-type  SiC/Ni  sintered 
thermoelectric  semiconductor  have  been  studied  as  functions  of 
Ni  concentration  (from  0.5  wt.%  to  5.0  wt.%)  and  temperature 
(from  RT  to  700  °C  ).  The  electrical  resistivity  decreases 
drastically  for  all  Ni  concentration  range  compared  with  other 
dopants  such  as  Cu,  A1  and  B  at  room  temperature.  The 
electrical  resistivity  and  thermoelectric  power  decrease  with 
increase  temperature.  The  value  of  figure  of  merit  Z 
approaches  to  1.4  x  104  at  around  700  °C.  The  condition  of 
the  doped  impurity  atom  Ni  has  been  also  studied  by 
magnetically.  It  is  confirmed  that  Ni  does  not  segregate  in  the 
SiC  sintered  sample.  We  conclude  that  Ni  well  diffused  into 
SiC  and  it  is  one  of  the  most  effective  dopant  for  SiC  based 
thermoelectric  materials. 

1  Introduction 

Recently,  strong  effort  has  been  directed  towards  the 
development  of  sintered  thermoelectric  materials  [1~5]  with 
improved  diaract eristics  at  comparatively  higher  temperatures. 
We  reported  the  thermoelectric  properties  of  SiC  based  p-type 
thermoelectric  semiconductor  doped  with  B4C  [5—9],  A1  [10] 
and  Cu  [11,12]  over  the  temperature  range  from  room 
temperature  to  700  °C.  The  SiC  based  system  is  expected  to 
be  useful  at  higher  temperature  region  because  of  pyrolytic 
property  and  wide  gap  semiconductor  characteristics  of  SiC.  It 
is  revealed  that  the  figure  of  merit  Z  of  this  system  reaches  up 
to  10"4  K'1  at  around  700°C  from  the  measurements  of 
electrical  resistivity,  thermoelectric  power  and  thermal 
conductivity  on  SiC  based  systems  as  functions  of  dopant 
concentration,  temperature  and  sample  porosity.  The  relatively 
higher  electrical  resistivity  is  responsible  to  this  low  Z  value 
which  is  not  enough  for  practical  use.  From  the  results  of 
previous  reports6’12),  it  is  considered  that  nb  atom  is  more 
appreciable  than  Illb  atom  and  far  the  more  1^,  atom  is  more 
appreciable  than  IIb  as  a  dopant  atom.  Therefore,  Ni,  which 
belongs  to  W,  is  selected  as  a  dopant  atom  with  ambition  to 
decrease  electrical  resistivity. 

Also  from  the  previous  reports  [6-42],  carrier  concentration 
is  still  low  compared  with  the  dopant  concentration.  There  is 
accordingly  probability  that  only  minor  part  of  the  dopant 
atoms  act  as  the  effective  electron  acceptor  and  major  part  of 


the  dopant  atoms  have  no  effect  on  carrier  concentration. 

Since  the  same  kind  of  doped  atoms  act  different  roles,  there 
must  be  some  differences  among  the  effective  atom  and  non 
effective  atom,  such  as  circumstances  of  the  doped  atom. 
Therefore  we  must  study  the  diffusion  condition  of  dopant 
atoms  in  the  sample. 

A  magnetic  approach  is  available  when  the  atoms  of 
ferromagnetic  material  diffuse  into  non-ferromagnetic  material. 
In  this  case,  reduction  of  the  ferromagnetic  moment  is  a  good 
indication  of  diffusion  [13].  It  is  well  known  that  the 
ferromagnetic  moment  of  Ni  metal  linearly  decreases  when  it 
is  diluted  by  the  many  kinds  of  non-ferromagnetic  materials 
such  as  Cu,  Si,  eta  In  the  present  study,  we  have  chosen 
ferromagnetic  Ni  as  a  dopant,  because  of  following  two 
purposes.  One  is  to  study  the  thermoelectric  properties  of  the 
SiC  doped  with  ferromagnetic  atom  Ni  and  the  other  is  to 
clarify  the  (Effusion  condition  into  the  SiC  by  using  the 
magnetic  measurements. 

In  this  paper  we  report  on  the  results  of  the  magnetic 
measurements  and  the  thermoelectric  property  measurements 
of  SiC/Ni  system  at  room  temperature. 

2  Experiment 

2.1  Sample  preparation 

Sample  preparation  procedure  is  almost  the  same  as 
described  in  previous  papers[6—  12].  >9  -SiC  (Mitsui  Toatsu 
Co.,  Ltd  MSC-20,  99.7  %  up,  average  particle  size  0.15  p.  m 
and  BET  (Bru n au er-Em m et t -Tel  1  er)  surface  area  19.5  m2/g)  and 
Ni  (Rare  Metallic  Co., Ltd,  99.9  %  up,  100  mesh  pass,  )  were 
used  as  starting  materials. 

Slurries  were  made  from  mixed  SiC  and  0.5  —  5.0  wt.  % 
Ni  powders  in  polyethylene  jars  with  nylon  coated  iron  balls 
as  the  grinding  media  and  xylene  solution  as  the  mixing  agent. 
After  mixing  for  20  hours  and  passing  through  75  ^  m  mesh 
sieve,  the  slurries  were  dried  The  dried  mixture  were 
granulated  using  500  p,  m  mesh  sieve  and  pressed  into  20  mm 
$  x  6  mm  pellet  at  10  MPa  Then  the  pellets  sealed  into  an 
evacuated  rubber  tube  and  then  pressed  isostatically  at  200 
MPa. 

Each  pellet  covered  with  the  same  compositional  powder 
was  placed  into  a  carbon  crucible.  Sintering  procedure  was 
carried  out  by  RF  induction.  First,  the  furnace  was  heated  up 
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to  1100  °c  at  a  rate  of  20  °C/min.  in  vacuum,  and  Ar  gas  was 
introduced  up  to  normal  pressure.  Then  the  temperature  was 
raised  to  the  sintering  temperature  (2100  °C)  at  a  rate  of 
10  °C/min.,  the  sample  was  kept  at  this  temperature  for  2 
hours  and  cooled  naturally  down  to  room  temperature.  Sintered 
materials  were  cut  into  rectangular  shaped  specimens  of  3  X 
4  X  8  ~  10  mm3  in  dimensions. 

2.2  Measurement 

The  crystal  properties  and  constituent  of  prepared  samples 
were  studied  by  using  powder  X-ray  diffractometer  and  EPMA 
(Electron  Probe  Micro  Analyzer).  Magnetic  hysteresis  curve 
was  measured  at  room  temperature  by  using  VSM  (Vibrating 
Sample  Magnetometer)  and  temperature  dependence  of  the 
magnetization  was  measured  by  using  SQUID  (Superconducting 
Quantum  Interference  Device)  from  liquid  He  temperature  to 
room  temperature.  Measurements  of  thermoelectric  power  and 
DC  electrical  resistivity  were  made  from  room  temperature  to 
around  700  °C  and  measurements  of  thermal  conductivity  was 
made  from  room  temperature  to  around  300  °C.  Conventional 
four  proves  method  was  employed  in  DC  electrical  resistivity 
measurement.  Thermoelectric  power  was  measured  by  the 
standard  DC  method. 

Thermal  conductivity  measurement  was  made  by  a 
differential  phase  analysis  of  PPE(Photo  Pyro  Electric)  signal 
(  4L*  40  analysis)14,155. 

In  the  PPE  method  one  can  measure  thermal  diffusivity  a  . 
Thermal  conductivity  is  given  by 

ft  =  CL  td  •  d  •  C  ••••(!) 

hare,  k  ,  a  td,  d  and  C  are  thermal  conductivity,  thermal 
diffusivity,  density  and  specific  heat,  respectively.  We 
calculate  specific  heat  of  SiC/Ni  system  from  that  of  SiC  and 
Ni.  Tlie  values  of  d  and  a  were  measured. 

3  Results  and  Discussion 

3.1  Structural  property 

The  crystal  properties  and  composition  of  prepared  samples 
are  studied  by  using  powder  X-ray  diffractometer.  In  the 
diffraction  profiles  of  the  0.5,  1.0,  2.0  and  5.0  wt.%  Ni  doped 
sample,  there  are  only  diffraction  peaks  assigned  to  a  -SiC 
(3C-SiC).  There  are  no  additional  small  peaks  invented  from 
unknown  impurities. 

The  cut  surfaces  of  the  samples  were  analyzed  by  using 
EPMA  to  know  the  sparial  distribution  of  dopant.  From  the 
results  of  EPMA  line  analysis  of  the  5.0  wt.%  Ni  doped 
sample,  the  intensity  of  Ni  K<*  is  almost  constant  within  the 
noise  level.  It  is  concluded  that  there  is  no  large  Ni  segregated 
area.  On  the  other  hancfc,  the  intensity  of  Si  K a  shows  the 
large  fluctuation.  Since  the  packing  density  of  this  sample  is 
about  62%,  the  porous  structure  of  this  sample  may  be 
responsible  for  the  large  fluctuation  of  the  intensity  of  Si  Ka. 

3.2  Magnetic  measurements 


Figure  l-(a)  and  l-(b)  show  the  M-H  curves  of  the  Ni  5.0 
wt.%  doped  two  samples  measured  at  room  temperature  by 
using  VSM.  From  these  figures,  the  both  samples  mainly 
consists  of  paramagnetic  component  and  slight  ferromagnetic 
component.  The  magnetic  susceptibility  of  paramagnetic 
component  is  estimated  around  2.7  x  10'6  emu/gOe  and 
saturation  magnetization  of  ferromagnetic  component  is 
estimated  about  7x  UT4  emu  from  the  small  hysteresis  loop. 
The  Ni  content  is  15.4  mg  and  16.0mg  since  the  mass  of  the 
samples  are  308,1  mg  in  fig.l-(a)  and  319.0  mg  in  fig.l-(b), 
respectively.  If  all  dopant  Ni  segregates,  the  saturation 
magnetization  of  this  sample  would  be  0.838  emu  in  fig.l-(a) 
and  0.870  emu  in  fig.l-(b)at  room  temperature,  respectively. 
This  is  corroboration  of  uniform  diffusion  of  dopant  Ni  into 
SiC  grain  and/or  grain  boundary. 


Fig.l  M-H  curve  of  the  sample  SiC/Ni:5.0  wt.%  measured  by 
using  VSM  at  room  temperature. 

Figure  2  shows  temperature  dependence  of  magnetic 
susceptibility  measured  from  room  temperature  to  liquid  He 
temperature  by  using  SQUID  with  about  10  Oe  magnetic 
field.  Above  100  K,  magnetic  susceptibility  keeps  almost 
constant.  On  the  other  hands,  below  100  K,  it  shows  some 
fluctuation.  It  seems  that  there  are  some  kind  of  magnetic 
ordering.  However,  in  all  temperature  range,  apparent 
spontaneous  magnetization  is  not  observed  We  conclude  that 
dopant  Ni  well  diffuses  into  SiC  grain  anchor  grain  boundary. 
Because,  if  pure  Ni  particles  andor  Ni  high  concentration 
regions  are  formed,  we  can  detect  apparent  ferromagnetic 
component. 


Temperature  (K) 

Fig. 2  Temperature  dependence  of  the  magnetic  susceptibility 
measured  by  using  SQUID  with  temperature  ranging 
from  RT  to  liquid  He  temperature. 

3.3  Thermal  and  electrical  properties 

Figure  3  shows  the  temperature  dependence  of  electrical 
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resistivity  with  Ni  concentration  as  a  parameter.  As  shown  in 
the  figure,  electrical  resisitivity  shows  semiconductor  like 
temperature  dependence  but  degradation  with  temperature  is 
rather  small  compared  with  the  other  dopants  such  as  Al,  Cu, 
Ag  and  B. 


Temperature  (°C) 


Fig.  3  Temperature  dependence  of  the  electrical  resistivity 
with  varying  the  Ni  concentration. 

No  appreciable  nonlinearity  in  the  current-voltage 
characteristics  could  be  observed.  We  found  the  minimum  in 
resistivity  al  5.0  %  Ni  concentration.  For  samples  of  0.5  ~ 
5.0  %  Ni  concentration,  resistivity  at  700  °C  drops  to  1/2  ~ 
1/10  of  its  value  at  room  temperature.  And  this  tendency 
seem  to  saturate  at  higher  temperatures.  We  tried  to  fit  the 
experimental  data  by  polynomials  to  interpolate  between  the 
measured  points  for  calculation  of  figure  of  merit.  In  the 
figure,  solid  curves  represent  the  calculated  results  of  these 
polynomials. 

The  values  of  electrical  resistivity  have  been  reduced 
drastically  and  these  absolute  values  are  almost  comparable 
with  the  values  of  with  SiC/Cu  or  SiC/Ag  reported  in 
previous  papers[5-8]  at  700  °C. 


Temperature  ("C) 


Fig.  4  Temperature  dependence  of  the  thermal  conductivity 
measured  by  PPE  method. 


Figure  4  shows  the  temperature  dependence  of  thermal 
conductivity  measured  by  the  PPE  method  as  a  function  of  Ni 
concentration.  All  samples  show  the  same  monotonous 
decrease  tendency  with  temperature  increase.  Therefore,  we  can 
say  that  doping  of  Ni  has  no  effects  on  the  temperature 
dependence  of  the  thermal  conductivity.  Unfortunately,  the 
unstable  thermal  contact  at  higher  temperatures  of  the  sample 
to  thermal  sensor  in  our  experimental  system  limits  the  range 
of  thermal  conductivity  measurements  below  300  °C. 

Also,  we  have  fitted  the  experimental  data  by  polynomials 
to  interpolate  the  experimental  data.  In  the  calculation  of  the 
figure  of  merit,  we  have  used  these  fitting  polynomials  under 
300  °C,  and  we  have  assumed  that  thermal  conductivity  stays 
constant  above  300  °C. 


Temperature  (*C) 

Fig.  5  Temperature  dependence  of  the  thermoelectric  power 
measured  by  the  conventional  DC  method. 

Figure  5  shows  the  temperature  dependence  of 
thermoelectric  power  as  a  function  of  Ni  concentration.  The 
sample  with  2.0  %  Ni  shows  anomalous  temperature 
dependence.  The  thermoelectric  power  in  other  samples  show 
weak  increase  with  temperature  and  the  values  are  around  100 
/zV/K. 


Temperature  (*C) 

Fig.  6  Temperature  dependence  of  the  figure  of  merit. 
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The  temperature  dependence  of  figure  of  merit  Z  in  Figure  6 
is  estimated  using  fitting  polynomials  for  electrical  resistivity, 
thermal  conductivity  and  thermoelectric  power. 

At  the  Ni  concentration  of  5.0  wt.%,  where  the  figure  of 
merit  Z  takes  its  maximum  value  (1.4  x  10*4  K'1),  while 
thermal  conductivity  shows  the  value  around  40  W/m-K.  The 
value  of  thermoelectric  power  is  comparable  to  one  of  the 
practical  material  such  as  Bi2Te3  system  at  room  temperature. 
Compared  with  practical  materials,  Z  value  of  our  present 
SiC/Ni  system  is  lower  by  almost  a  factor  of  10.  Further 
reduction  of  electrical  resistivity  and  thermal  conductivity  will 
be  a  prospective  way  to  achieve  a  higher  value  of  Z  especially 
at  still  higher  temperature  range  (>700°C).  In  this  respect, 
sample  preparation  of  this  SiC  based  system  would  be  an 
interesting  future  work. 

4.  Conclusion 

From  the  magnetic  measurements,  it  is  confirmed  that 
dopant  Ni  well  diffused  into  SiC  grain  and/or  grain  boundary 
and  it  acts  as  effective  electron  acceptor.  We  found  that  the 
sample  with  Ni  concentration  5.0  wt.%  can  be  expected  to 
take  the  maximum  value  of  figure  of  merit  Z  (1.4  X  10-4  K'1) 
at  around  700  °C.  Compared  with  the  one  of  the  criterion  for 
practical  use  (Z  ^  10"3  K*1),  Z  value  of  our  present  SiC/Ni 
system  is  almost  within  the  reach  of  the  criterion.  At  700  °C, 
the  electrical  resistivity  also  takes  a  minimum  value  of  3.0 X 
10*5  Q  m.  The  reduction  of  the  electrical  resisitivity  by 
doping  of  impurity  atoms  is  the  most  effective  way  to  increase 
the  figure  of  merit  Z.  Since  this  SiC/Ni  system  shows  the 
largest  Z  value  and  lowest  electrical  resistivity  in  the  SiC 
based  systems  at  room  temperature,  Ni  is  found  to  be  a  more 
effective  dopant  as  an  acceptor  in  SiC  compared  to  another 
dopants  such  as  Al,  Cu,  Ag  and  B. 

Measurements  of  thermoelectric  characteristics  at  still 
higher  temperature  will  also  be  a  challenging  task. 
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Abstract 

Investigation  on  thermoelectric  properties  of  ZnO  doped  with 
the  group  13  elements  revealed  that  addition  of  M2O3  (M  =  Al, 
Ga,  In)  to  ZnO  all  increased  the  electrical  conductivity 
significantly,  whereas  the  absolute  values  of  the  Seebeck 
coefficient  moderately  decreased.  The  increase  in  the  electrical 
conductivity  was  smaller  for  the  dopant  with  the  heavier  element, 
being  in  good  agreement  with  a  decrease  in  the  carrier  mobility. 
However,  the  thermal  conductivity  was  also  suppressed  by  Ga 
and  In  doping,  particularly  at  the  lower  temperature  region.  Even 
with  the  smaller  power  factor  values,  the  figure  of  merit  of 

(Zn0  98Mo.o2)0  (m  =  Ga  or  In) was  e9ual  t0  that  of  *e  A1-doPed 

one  up  to  ca.  600°C,  owing  to  the  suppression  of  the  thermal 
conductivity. 

Introduction 

The  performance  of  thermoelectric  materials  is  represented 
by  the  figure  of  merit  defined  as  Z  =  S2al K  where  a  is  the 
electrical  conductivity,  S  is  the  Seebeck  coefficient,  and  K*is  the 
thermal  conductivity  of  the  material.  Because  the  Carnot 
efficiency  also  improves  with  increasing  temperature  difference 
over  which  the  thermoelectric  device  operates,  materials  with 
larger  ZT  values  have  been  under  extensive  research.  To  date, 
several  materials  have  been  developed  as  high  temperature 
thermoelectric  materials;  for  example,  Si-Ge  alloys,  several  metal 
chalcogenides,  transition-metal  disilicides,  and  some  boron 
compounds.  Recently,  skutterudites  and  filled  skutterudites  have 
been  discovered  as  promising  materials  with  superior  transport 
properties  and  high  thermoelectric  performance  at  moderately 
high  temperatures1"3^. 

Many  metal  oxides  are  known  to  be  stable  at  high  temperature 
in  air.  However,  poor  electrical  conduction  appears  to  be  a 
common  belief  about  metal  oxides.  Highly  ionic  characters  of 
oxide  materials  are  generally  considered  to  result  in  very  low 
carrier  mobility.  Presumably  from  this  reason,  oxides  had  hardly 
been  studied  as  thermoelectric  materials.  Actually,  however, 
rather  many  oxide  materials  have  been  reported  to  have  high 
electrical  conductivities.  We  have  recently  pointed  out  that  the 
oxides  such  as  InsC^-based  mixed  oxides4),  CaMn035, 6) ,  and 
(Zni_xAlx)07"9)  would  be  promising  as  new  thermoelectric 
materials  at  high  temperatures.  Since  then,  several  researchers 


have  started  to  study  on  oxide  thermoelectric  materials  such  as 
(ZnO)mIn2O310),  Cdln204n),  and  so  on. 

We  have  already  reported  that  (Zni.xAlx)0  have  exceedingly 

n_Q\ 

high  thermoelectric  performance  compared  to  other  oxides 
The  addition  of  A1203  to  ZnO  significantly  enhances  the 
electrical  conductivity,  retaining  the  moderate  Seebeck 
coefficients.  The  power  factors,  which  evaluates  the  electrical 
component  of  the  thermoelectric  performance,  of  (Zni_xAlx)0 
are  consequently  very  large.  We  have  also  revealed  that 
polycrystalline  samples  of  (Zn^AlJO  (0.02<x<0.05)  show  the 
fairly  high  mobility,  which  would  account  for  the  very  large 
power  factors  of  these  oxides.  Unfortunately,  however,  these 
samples  showed  the  unfavorably  high  thermal  conductivities 
which  limit  Z  to  moderate  values.  The  simple  crystal  structure 
and  the  light  constituent  elements  of  (Zn].xAlx)0  must  be  the 
reason  for  the  high  thermal  conductivities.  We  confirmed  that 
the  lattice  thermal  conductivity  is  the  principal  component  of  K 
of  the  oxides.  If  phonon  scattering  centers  can  be  effectively 
introduced  without  scattering  the  charge  carriers,  the  Z  values 
of  these  materials  will  be  greatly  improved.  Since  the  point 
defects  induced  by  heavier  atoms  should  be  more  effective  for 
phonon  scattering,  in  this  work  we  have  attempted  to  reduce  K 
by  using  Ga  and  In  as  the  heavier  group  13  elements  for  dopants. 

Experimental 

The  mixed  oxides  (Zno.ggMo.o^O  (M  =  Al,  Ga,  In)  were 
prepared  from  powders  of  ZnO,  A1203,  Ga203  and  ln203  of 
guaranteed  grade.  These  powders  were  mixed  and  pulverized 
in  a  nylon-lined  ball  mill  for  24  h.  The  powder  mixture  was 
pressed  into  a  pellet  and  sintered  at  1400°C  for  10  h  in  air.  The 
heating  and  cooling  rate  was  200°C  h'1.  The  crystal  phases  in 
the  samples  thus  obtained  were  determined  from  a  powder  X- 
ray  diffraction  (XRD)  study  using  Cu  Ka  radiation  (Rigaku 
RINT-1400).  The  relative  densities  of  all  the  samples  were 
measured  by  the  Archimedes'  method.  We  simultaneously 
measured  both  the  electrical  conductivities  and  Seebeck 
coefficients  in  air,  from  room  temperature  up  to  1000°C.  The 
measurement  procedures  have  been  described  elsewhere  in 
detail4).  The  thermal  conductivity  was  determined  from  the 
thermal  diffusivity  and  the  specific  heat  capacity  measured  by 
the  laser  flash  technique  (ULVAC  TC-7000).  The  Hall 
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measurements  were  performed  by  van  der  Pauw  method  at  room 
temperature. 

Results  and  Discussion 

Arrhenius  plots  of  the  electrical  conductivity,  <7,  are  shown 
in  Fig.  1  for  (Zno.98Mo.o2)0  (M=A1,  Ga,  In).  The  relative 
densities  of  all  the  samples  were  more  than  99%.  Since  all  the 
samples  have  dense  microstructure,  difference  in  the 
microstructure  of  the  sintered  samples  cannot  be  the  main  reason 
for  the  variation  in  the  a  values.  We  have  reported  that  Al- 
doping  to  ZnO  increases  a  and  changes  its  behavior  from 
semiconducting  to  metallic7'9*.  The  a  values  of  the  doped 
samples  are  in  the  following  order:  A1  >  Ga  >  In  »  undoped 
ZnO.  In  other  words,  cr  decreases  in  order  of  the  atomic  weight 
of  the  dopant  atoms. 

The  Seebeck  coefficients  of  (Zno.9gMo.o2)G  (M  =  Al,  Ga,  In) 


77  °C 

1000  400  200  100  0 


Fig.  1  Arrhenius  plots  of  the  electrical  conductivities 
of  (Zno.98M0.o2)G. 

M:  O  ,  Zn;  •  ,  Al;  □  ,  Ga;  A ,  In 


77  °C 


Fig.  2  The  Seebeck  coefficients  of  (Zno.98Mo.o2)0 
as  a  function  of  temperature. 

M:  O ,  Zn;  •  ,  Al;  □ ,  Ga;  A ,  In 


as  a  function  of  temperature  are  indicated  in  Fig.  2.  The  IS  I 
values  of  the  doped  samples  were  all  smaller  than  that  of  undoped 
ZnO,  and  showed  a  general  trend  in  which  the  values  gradually 
increase  with  temperature  up  to  1000°C.  The  order  of  the  ISI 
values  was  undoped  ZnO  »  In  >  Ga  ~  Al.  It  should  be  noted 
that  the  dependence  of  151  and  cron  the  dopant  is  in  a  reciprocal 
manner. 

According  to  the  idea  of  valence  control,  it  is  expected  that 
addition  of  trivalent  elements  to  ZnO  would  provide  excess 
electrons  and  hence  result  in  an  increase  in  the  electrical 
conductivity.  We  have  further  measured  the  Hall  coefficients 
of  (Zno.98Mo.o2)0  (M=A1,  Ga,  In)  to  estimate  the  carrier 
concentration  n  and  the  Hall  mobility  of  these  samples.  The 
n  and  ji\ h  values  measured  at  room  temperature  are  summarized 
in  Table  1 .  Even  the  n  value  of  undoped  ZnO  was  of  the  order 
of  1023m"3.  It  is  well  known  that  ZnO  is  a  nonstoichiometric 
compound  having  interstitial  Zn  atoms,  which  provide  the  carrier 
electrons.  All  the  doped  samples  had  much  higher  carrier 
concentrations  of  the  order  of  1025m“3. 

It  is  noteworthy  that  undoped  ZnO  has  a  fairly  large  ji\{  value 
of  61cm2W^s^ .  We  have  already  reported  in  the  previous  paper 
that  (Zni_xAlx)0  (0.02<x<0.05)  have  high  mobilities  as  similar 
to  the  undoped  one9*,  and  suggested  that  a  fairly  covalent 
character  of  the  Zn-0  bond  is  probably  responsible  for  the 
favorable  electrical  transport  properties.  However,  it  should  be 
noted  that  the  jUh  values  of  the  Ga-  and  In-doped  samples  are 
less  than  half  of  that  for  the  Al-doped  sample.  The  smaller 
values  of  the  Ga-doped  sample  compared  with  the  Al-doped  one 
can  account  for  the  insufficient  improvement  in  a  for  the  Ga 
doping,  and  even  lower  a  of  the  In-doped  sample  would  be 
ascribed  to  both  the  small  n  and  /in  values. 

The  52<7  values  of  (Zno.98Mo.o2)0  (M=A1,  Ga,  In)  are 
presented  in  Fig.  3  as  a  function  of  temperature.  The  power 
factor  of  ZnO  was  improved  by  any  of  the  group  13  doping. 
The  improvement  is  attributed  to  the  marked  enhancement  of  cr 
with  only  moderately  suppressing  5.  The  power  factor  values 
of  (Zno.98M0.o2)G  (M  =  Ga  or  In),  however,  are  about  half  of 
that  of  (Zn0i98Alo.02)0. 

Table  1  The  carrier  concentration  n  and  the  Hall  mobility  //h 
of  (ZnQ  9gM0.02)G 


M 

n/KFnr3 

IXhI  cmPvV 

Zn 

0.052 

67 

Al 

7.2 

81 

Ga 

7.2 

33 

In 

3.2 

36 
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77  °C 

Fig.  3  The  power  factors  of  (Zno.9sMo.o2)0 
as  a  function  of  temperature. 

M:  O ,  Zn;  • ,  Al;  □ ,  Ga;  A ,  In 

Fig.  4  depicts  the  thermal  conductivities  of  (Zno.9gMo.o2)0 
(M=A1,  Ga,  In)  as  a  function  of  temperature.  The  rvalues  of  all 
the  samples  decrease  with  increasing  temperature  and  converge 
in  ca.  5  Wm^K'1  at  1000°C.  This  figure  indicates  that  the  K 
values  of  the  doped  samples  are  apparently  lower  than  that  of 
undoped  ZnO  in  the  low  temperature  region;  particularly  the  K 
values  of  (Zn0.98M0.02)O  (M  =  Ga  or  In)  are  less  than  half  of 
that  for  undoped  ZnO.  The  thermal  conductivity,  re,  of  solid 
materials  consists  of  the  carrier  thermal  conductivity  (%)  and 
the  lattice  thermal  conductivity  (rcph),  i.e.,  K=  Kel+  k^.  It  is 
well  known  that  reph  is  proportional  to  Tl  above  the  Debye 
temperature  (it  is  usually  below  room  temperature) 12).  The 
dependence  of  k  versus  Tl  shown  in  Fig.  5  for  (Zno.9sMo.o2)0 


Fig.  5  The  thermal  conductivity  of  (Zno.9gMo.o2)0 
as  a  function  of  inverse  temperature. 

□ ,  re;  A ,  JCph  =K-Ke\ 


(M=A1,  Ga,  In)  exhibits  a  good  linearity,  which  suggests  that  K 
is  predominantly  consists  of  rrph.  This  is  further  confirmed  in 
Fig.  5  by  a  negligible  contribution  of  rrel  estimated  from  the 
Wiedemann-Franz  relation,  KeX=L(fT  (L  is  the  Lorentz  number.), 
for  which  validity  for  several  electronic-conducting  oxides  has 
also  been  confirmed1  We  can  also  conclude  that  the 
suppressions  of  re  for  (Zno  ggMo.roiO  (M  =  Ga  or  In)  are  due  to 
the  decreases  in  rrph.  As  we  have  expected,  the  addition  of  the 
heavier  group  13  elements,  which  have  similar  electron 
configurations  but  larger  atomic  weights  compared  to  Al,  was 
successful  to  enhance  the  phonon  scattering  as  confirmed  by  the 
suppression  of  rcph  by  the  Ga-  and  In-doping.  Nevertheless,  the 
electrical  transport  properties  were  also  affected  mainly  with 


77  °C 

Fig.  4  The  thermal  conductivities  of  (Zno.98Mo,o2)0 
as  a  function  of  temperature. 

M:  O  ,  Zn;  # ,  Al;  □  ,  Ga;  A ,  In 
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Fig.  6  The  figures  of  merit  of  (Zno.98Mo.o2)0 
as  a  function  of  temperature. 

M:  O ,  Zn;  # ,  Al;  □  ,  Ga;  A ,  In 
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the  decreased  values  against  our  expectation. 

The  figure  of  merit,  Z,  of  (Zno.98Mo.o2)0  (M  “  M  Ga» In) 
obtained  from  the  cr,  S  and  K*data  is  displayed  in  Fig.  6  as  a 
function  of  temperature.  The  Al-doped  sample  surpasses  all  other 
samples  including  undoped  ZnO  all  over  the  temperature  region 
examined.  In  spite  of  the  decrease  in  S2a ,  the  Z  values  of 
(Zno.98M0.o2)0  (M  =  Ga,  In)  are  virtually  equal  to  that  of  the 
Al-doped  one  up  to  ca.  600°C,  benefiting  from  the  suppression 
of  K.  However,  because  the  x:  values  of  these  samples  converge 
with  increasing  temperature,  (Zno.9sAlo.o2)G  has  larger  Z  values 
than  Ga-  and  In-doped  samples  above  600°C. 

Conclusions 

Thermoelectric  properties  of  (Zno.98Mo.o2)G  (M  =  Al,  Ga, 
In)  were  investigated.  Addition  of  these  group  13  elements  to 
ZnO  significantly  enhanced  a  and  moderately  depressed  151, 
resulting  in  the  improvement  in  S2<x  The  crvalues  of  the  samples 
were  in  order  of  A1  >  Ga  >  In  »  undoped  ZnO,  being  in  good 
agreement  with  the  measurd  n  and  jUh-  The  Ga-  and  In-doping 
were  sucsessful  to  suppress  X’via  decreases  in  Consequently, 
the  Z  values  for  the  Ga-  and  In-  doped  samples  reached  the  values 
of  the  Al-doped  one  up  to  600°C  in  spite  of  the  decrease  in  52ct. 
The  compatibility  between  the  effective  carrier  doping  and 
suppression  of  Kris  required  for  improvement  in  Z  of  the  ZnO- 
based  thermoelectric  materials. 
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Abstract 

Our  last  results  have  shown  a  non-linear  dependence  of  the 
phonon  drag  effect  on  the  Zn  concentration  single  crystals  of 
Cd].xZnxTe  in  the  range  0<x<0,l  with  the  minimum  at 
x=0,04.  As  the  phonon  drag  (PD)  gives  information  about  the 
interaction  between  carriers  and  phonons  in  the  lattice,  the 
reason  for  the  non-linear  dependence  can  be  probably  found  in 
anomalous  structural  changes  of  the  crystal  lattice.  The  PD 
has  been  studied  by  the  measurement  of  the  Seebeck  effect  in 
Cdi.x  ZnxTe.  Simultaneously  a  new  method  for  the 
measurement  of  the  activation  energy  of  shallow  acceptors 
using  the  temperature  gradient  has  been  described. 

Introduction 

The  Il-VI  mixed  crystals,  one  of  which  is  Cdi_xZnxTe, 
have  been  the  subject  of  many  mainly  experimental  studies. 
These  crystals  are  very  important  because  of  their  multiple 
applications,  which  range  from  radiation  detectors  to 
substrates  for  lattice  matched  growth  of  HgCdTe  and 
HgZnTe  epitaxial  thin  films.  In  paper  [1]  the 


As  we  have  shown  in  [6],  the  scattering  on  optical  phonons  is 
dominant  in  electrical  transport  effects.  In  the  Seebeck  effect 
the  phonon  drag  by  optical  phonons  diminishes  (in  absolute 
value)  the  Seebeck  coefficient. 

Our  samples  were  grown  by  modified  Bridgman  technique 
elaborated  in  Laboratories  of  Chemivtsi  State  University, 
Ukraine.  For  n-CdTe  the  In  contacts  were  used,  for  p-type  Au 
was  deposited  from  a  AuC13  solution  on  split  surface  of  the 
ciystal.  While  In  on  n-CdTe  forms  a  perfect  ohmic  contact,  on 
p-CdTe  and  on  its  solid  solution  with  Zn  it  is  not  in  principal 
possible  to  prepare  ohmic  contacts.  This  property  is  used  in 
our  new  method  described  below. 

The  following  transport  coefficients  were  measured  on  all 
samples:  temperature  dependence  of  dc  electrical 

conductivity,  Hall  and  Seebeck  coefficients.  The  samples 
about  (15x4x1.5)  mm3  were  pressed  between  two  cooper 
blocks  with  an  electrical  heater  inside  of  each  block.  Similarly 
as  in  [6]  the  experimental  value  of  Seebeck  coefficient  aexp 
was  compared  with  the  calculated  one  determined  from  the 
carrier  concentration  a* ,  the  difference  an,  -  aexp  =  oif  and  the 


abnormal  vibrations  Cd  atoms  in  Cd].xZnxTe  are 
reported,  in  [2,3]  the  influence  of  ferroelectricity 
on  the  electrical  properties  of  Cdi_xZnxTe  solid 
solutions  and  in  [4]  the  optical  investigations  of 
defects  in  Cdi.xZnxTe  were  studied.  In  spite  of 
these  studies  a  lot  of  problems  is  not  yet  solved. 
Especially  little  is  known  about  the  dynamics  of 
atoms  in  these  ternary  compounds.  The 
introduction  of  Zn  in  the  CdTe  matrix  represents 
in  our  opinion  a  factor  of  crystalline  disorder. 
This  assumption  is  strongly  supported  by  the  fact 
that  heat  transport  properties  [5]  as  well  as  the 
carrier  transport  are  strongly  influenced  by  the 
crystal  quality. 

Results  and  Discussion 

After  25  years  study  of  phonon  drag  effect  in  p  and 
n-CdTe  [6]  (our  results  were  also  quoted  in  [7]) 
our  attention  is  now  concentrated  on  solid 


Tab.  1  Room  temperature  data  of  the  measured  samples 


solutions  of  Cd!.xZnxTe  with  small  concentration 


ofZn. 
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contribution  of  the  phonon  drag  effect  to  the  Seebeck 
coefficient  was  calculated  (see  Tab.  1.) 

The  PD  effect  was  found  for  all  concentrations  of  zinc  in  the 
range  from  0  to  10  %  with  the  exception  of  4  %,  where  the  af 
is  very  small  and  its  value  fluctuates  according  to  an 
experimental  error.  The  experimental  error  in  the 
determination  of  Zn  concentration  is  about  0.5  %.  It  seems  to 
us  that  our  results  are  in  a  good  agreement  with  [5],  where  the 
thermal  and  structural  properties  of  Cdi.xZnxTe  in  the 
dependence  on  Zn  concentration  were  compared. 

Recently  we  have  described  [8]  a  new  method  for  the  study  of 
phonon  drag  effect  provided  that  the  conditions  about 
redistribution  of  carriers  (as  was  theoretically  predicted  by 
Gurevich  [9])  are  fulfilled.  The  main  idea  of  the  method  is 
following. 

When  the  temperature  gradient  VT  is  applied  on  the  metal- 
semiconductor-metal  (MSM)  system,  the  electrical 
conductivity  is  changing  along  the  sample  with  the 
temperature  gradient  VT  in  dependence  on  its  activation 
energy  AE.  The  change  of  the  electrical  current  AI  through 
the  system  MSM  at  a  constant  voltage  U  can  be  described 
under  these  conditions  as 


A /  ,  AE  ■  AT 

- —  1  5 - ^ — 

h  2kT£ 


(1) 


for  AT«T0,  k  is  the  Boltzmann  constant,  I0  -  the  electrical 
current  and  T0  -  the  temperature.  The  equation  (1)  gives  a 
straight  line  for  both  signs  of  the  temperature  gradient  VT.  In 
the  case  that  the  temperature  gradient  produces  the 
conductivity  change  only  and  no  other  effects,  like  a  large  PD 
effect,  are  involved,  it  is  easy  to  determine  the  activation 
energy  AE  from  the  slope  of  the  straight  line. 

The  character  of  this  dependence  will  be  changed  in  the  case, 
when  the  temperature  gradient  produces  also  other  effects, 
e.g.  the  PD  effect.  The  PD  effect  is  connected  with  the 
redistribution  of  charge  along  the  temperature  gradient  as  it 
was  shown  by  Gurevich  [9].  Evidently  for  the  redistribution  of 
charge  some  special  conditions  must  be  fulfilled,  for  instance 
the  presence  of  two  types  of  carriers  (heavy  and  light  holes). 
From  the  character  of  experimental  dependence  we  can  decide 
whether  acoustical  or  optical  phonons  drag  the  carriers  in  a 
similar  way  as  in  Seebeck  effect  [6]. 

The  fact  that  there  is  no  possibility  to  prepare  an  ohmic 
contact  on  a  p-type  CdZnTe  crystal,  as  mentioned  above,  is 
used  in  our  measurements.  Reverse  biased  barrier  Au/p- 
CdZnTe  (0<Zn<10  %)  in  MSM  system  monitors  the  changes 
in  the  sample  and  under  the  temperature  gradient  brings 
about  additional  changes  in  AI  for  constant  voltage  U. 

We  measured  at  a  constant  voltage  U  instead  with  full  I-U 
characteristic  of  the  system  MSM,  because  the  application  of 
temperature  gradient  mean  the  shift  of  I-U  characteristic,  as 
we  verified  many  times.  The  results  of  our  measurements  of 
the  sample  No.  3  are  seen  on  the  plot  in  Fig.l.  Linear 
regressions  of  the  experimental  points  for  ATX)  and  AT<0 
are  indicated  by  two  straight  lines.  For  the  samples  numbers 


5,  6,  7,  8  and  9  the  both  straight  lines  coincide.  In  our  paper 
[10]  we  described  the  experiment  keeping  the  middle 
temperature  T*  at  a  constant  value  as  is  suggested  in  the 
theory  [9],  but  the  theory  does  not  assume  the  rectifying 
properties  of  the  contacts.  The  influence  of 
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Fig.l.  Asymetrical  change  of  the  current  AI  in  the  sample 
No.  3  (Au/p-CdTe/Au)  as  a  function  of  the  temperature 
difference  AT  for  U=2V  and  T=308K. 

rectifying  contacts  was  discussed  in  [11].  For  this  reason  we 
decided  to  keep  the  temperature  of  one  contact  constant  and  to 
increase  or  decrease  the  temperature  of  the  other  one.  The 
temperature  gradient  VT  on  the  system  MSM  significantly 
controls  the  electrical  current  through  the  sample,  it  can 
enlarge  or  diminish  it  in  agreement  with  (1). 

Existence  of  a  minimum  in  the  PD  dependence  on  the  zinc 
concentration  is  unexpected  at  the  first  sight.  It  is  well  known 
that  CdTe  and  ZnTe  form  a  continuous  series  of  solid 
solutions  and  their  lattice  parameter  is  regulated  by  a  linear 
dependence  on  x  at  x  =  0.03  **-  0.05  [4,5]. 

A  non-linear  character  of  some  thermodynamic  properties  is 
published  in  [12]  where  a  minimum  in  the  dependence  of  the 
Gibbs  factor  on  the  Zn  concentration  at  x  =  0.06  ±  0.03  is 
referred.  Because  this  parameter  is  governed  by  the 
arrangement  of  the  lattice  nearest  neighbor  atoms  and  their 
interatomic  interactions  it  can  be  assumed  that  near  x  =  0.04 
a  change  of  lattice  interactions  and  lattice  parameters  falls 
out.  It  is  known  that  the  energy  of  an  impurity  in  various 
lattice  sites  may  depend  on  its  environment.  Apparently  the 
increase  of  impurity  content  provokes  a  deviation  of 
thermodynamic  ftmctions  of  the  solid  solution  from  the  ideal 
ones.  If  we  take  into  account  the  presence  of  extremes  in 
concentration  dependencies  of  some  physical  parameters  we 
can  assume  that  the  transition  from  an  ideal  (in  the 
thermodynamic  sense)  to  non-ideal  solid  state  takes  place 
near  x=0.04  in  the  case  of  Cdi_xZnxTe. 

This  conclusion  corresponds  to  the  note  in  [12]  about  the 
fundamentals  of  solid  states  Cdi_xZnxTe  at  middle 
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concentrations.  In  accordance  with  the  calculation  in  [12]  the 
structure  of  Cdi_xZnxTe  is  so  arranged  that  the  sublattice  of 
cations  is  nearly  undisturbed  (cations  are  held  in  their  sites  in 
the  face-centered  cubic  lattice)  but  the  anion  sublattice  is 
strongly  disturbed.  The  increase  of  the  Zn  concentration  in 
CdTe  is  followed  by  a  shift  of  Te  to  form  a  bond  with  Zn  so 
that  the  Zn-Te  bond-length  is  shorter  than  that  of  Cd-Te. 

References 

[1]  D.  Comedi,  R.Kalish,  V.  Richter,  “Abnormal 
Vibrations  of  Cd  Atoms  in  Cdi_xZnxTe”,  Phys.  Rev. 
Lett.,  61,  No.  18,  (1988)  2125. 

[2]  R.  Weil,  R.  Nkum,  E.  Muranevich,  L.  Benquiqui, 
“Ferroelectricity  in  CdZnTe”,  Phys.  Rev.  Lett.,  62,  No. 
23,  (1988)  2744. 

[3]  L.  Benquiqui,  R.  Weil,  E.  Muranevich,  A.  Chack,  E. 
Fredj,  “Ferroelectric  properties  of  Cd].xZnxTe  solid 
solutions”,  J.  Appl.  Phys.  74  (1)  (1993)  513. 

[4]  W.  Standler,  D.  M.  Hofmann,  H.  C.  Alt,  T.  Muschik,  B. 
K.  Meyer,  “Optical  investigatons  of  defects  in  Cd]_x 
ZnxTe”,  Phys.  Rev.  B,  51,  No.  16,  (1995)  10619. 

[5]  M.E.Rodriguez,  J.  J.  Alvarado-Gil,  I.  Delgadillo,  O. 
Zelaya,  H.  Vargas,  F.  Sanchez-Sinencio,  M.  Tufino- 
Velazquez,  L.  Banos,  “On  the  thermal  and  structural 
Properties  of  Cdi.xZnxTe  in  range  0<x<0,3”,  Phys.  Stat. 
Sol.  (a)  158  (1996)  67. 


[6]  S.  Kubalkova  (Vackova),  “The  influence  of  optical 
phonons  on  Seebeck  and  Nernst-Ettingshausen  Effects 
in  CdTe”,  phys.  stat.  sol.  (b)  50  (1972)  111. 

[7]  J.  Rosenzweig,  U.  Birkholz,  “Influece  of  Bipolar 
Photoconduction  on  the  Thermoelectric  Power  of  CdTe”, 
phys  .stat.  sol.  71,  (1982)  K41. 

[8]  Yu.  G.  Gurevich,  S.  Vackova,  K.  Ddansky,  “The  phonon 
drag  effect  on  thermopower  in  p-CdTe”,  Proceedings  of 
ICT96,  Pasadena,  USA. 

[9]  Yu.  G.  Gurevich,  O.  Yu.  Titov,  G.  N.  Logvinov  and  O. 

I.  Lyubimov,  “Nature  of  the  thermopower  in  bipolar 
semiconductors”,  Phys.  Rev.  B  51  (1995)  6999. 

[10]  S.  Vackova,  J.  Racko,  D.  Donoval,  Yu.  G.  Gurevich, 
“The  thermoelectrical  and  electrical  properties  of  the 
system  Au/p-CdTe/Au”,  Proceedings  of  ICT’95,  St. 
Petersburg,  Russia 

[11]  S.  Vackova,  J.  Racko,  D.  Donoval,  Yu.  G.  Gurevich, 
P.Fochuk,  P.  Feichuk,  “Analysis  of  I-U  measurements  on 
Au/p-CdTe/Au  and  Au/p-CdosxZno.cwTe/Au  systems;  the 
in-fluence  of  parallel  temperature  gradient”,  Proceedings 
of  ECT’95,  Nancy,  France. 

[12]  N.  Motta,  A.  Balzarotti,  P.  Letardi,  A.  Kisiel,  M.  T. 
Czyzyk,  M.  Zimnal-Starnawska,  “Random  Distribution 
Miscibility  of  Cdi_xZnxTe  Alloy  from  EXAFS  ,  J.  Cryst. 
Growth,  72  (1985)  205. 


246 


16th  International  Conference  on  Thermoelectrics  (1997) 


Crystal  grain  size  dependence  of  thermoelectric  properties  for  sintered  PbTe 
by  spark  plasma  sintering  technique 


S.  Yoneda1,  E.  Ohta',  H.  T.  Kaibe2, 1.  Shiota3,  K.  Takahashi4,  Y.  Shinohara5,  Y.  Imai5and  I.  A.  Nishida5 

’Dept.  Materials  Science,  Keio  University,  Yokohama, Kanagawa  223,  Japan 
Tel:  +81/45/563/1141-3501,  Fax:+8 1/45/563/0322,  E-mail  :yoneda@nrim.go.jp 
2Dept.  Electronics  and  Information  Eng.,  Tokyo  Metropolitan  University,  Hachioji,  Tokyo  192-03,  Japan 

Tel:  +81/426/77/1111-4463,  Fax:+8 1/426/77/2756 

3Dept.  Environmental  Chemical  Eng.,  Kogakuin  University,  Hachioji,  Tokyo  192,  Japan 
Tel:  +81/426/28/4568,  Fax:+8 1/426/28/5647 
4Vacuum  Metallurgical  Co.,  Ltd.,  Yamatake,  Chiba  289-12,  Japan 
Tel.:  +81/475/89/0151,  Fax:+8 1/475/89/1469 
5National  Research  Institute  for  Metals, STA 
Tel.:  +81/298/59/2637,  Fax:+8 1/298/59/2601 


Abstract 

Thermal  and  electrical  conduction  parameters  of  the  sintered 
PbTe  with  different  crystal  grain  sizes  Ds  were  measured  over 
the  temperature  range  from  77  to  350  K,  to  examine  the  objective 
of  this  study  is  to  examine  the  possibility  of  improvement  in 
thermoelectric  performance  for  sintered  PbTe  by  reducing  D. 
The  starting  powders  with  particle  sizes  of  6,  39,  180  and  380 
pm  were  obtained  by  pulverizing  undoped  PbTe  boule  prepared 
by  Bridgman  method.  Sintering  was  carried  out  by  spark  plasma 
sintering  technique  (SPS)  under  the  conditions  of  sintering 
temperature  of  732-803  K,  sintering  duration  of  60-90  min 
and  sintering  pressure  of  45  MPa.  All  the  sintered  compacts, 
whose  conduction  type  were  p-type,  had  apparent  relative  density 
of  more  than  99  %.  Thermal  conductivity  k  decreased  with 
reducing  D  below  200  K,  while  showed  no  dependence  on  D 
above  200  K  .  Long-wave  phonons  are  scattered  efficiently  at 
grain  boundaries  only  below  200  K.  Hall  mobility  pH  of  the 
sintered  compacts  with  different  Ds  were  almost  same  above 
200  K.  It  is  concluded  that  thermoelectric  performance  for 
sintered  PbTe  is  not  directly  affected  by  controlling  D. 

Introduction 

Sintered  material  has  even  more  crystal  grain  boundary  in 
an  unit  volume  the  solidified  material.  The  phonon  component 
of  thermal  conductivity  icphis  reduced  by  scattering  of  long-wave 
length  phonon  at  the  grain  boundary.  Bhandari  and  Rowe[l] 
have  reported  that  reducing  D  has  an  effect  on  reducing  k.  of 
PbTe  alloys,  resulting  that  the  thermoelectric  performance  is 
improved. 

The  objective  of  the  present  study  is  to  examine  the 
possibility  of  improvement  in  thermoelectric  performance  for 
sintered  PbTe  by  reducing  D. 


Experimental  Procedure 

Pb  and  Te  with  purity  of  99.9999  %  were  individually 
weighed  out  in  the  atomic  ratioLl.  They  were  loaded  into  an 
evacuated  quartz  tube  whose  size  was  10  mm  in  diameter  and 
120  mm  in  length.  The  tube  was  flushed  several  times  with  Ar 
and  sealed  off  under  a  pressure  of  about  lx  10’  Pa.  The  crystal 
growth  was  carried  out  by  Bridgman  technique.  The  growing 
conditions  were  maximum  temperature  1223  K  in  the  furnace, 
thermal  gradient  of  1.2  K/mm  and  crystal  growth  rate  of 
1.1x10 3  mm/s.  The  conduction  type  of  the  whole  region  of 
obtained  boule  was  p-type.  The  boule  material  was  ground  into 
fine  powders  with  a  mean  particle  size  of  6,  39,  180  and  380 
pm,  respectively.  The  sintered  compacts  ware  prepared  by 
SPS[2]  at  732  -  803  K  for  3.6xl02-5.4xl02  s  under  4.5xl07Pa 
in  an  atmosphere  of  Ar+5%H2.  The  size  of  sintered  compacts 
were  15  mm  in  dia.  and  6  mm  in  thickness.  The  apparent 
densities  were  8.17-8.23  g/cm3  which  are  higher  than  99  %  of 
theoretical  one.  The  sintered  compacts  were  all  p-type 
semiconductors.  Resistivity  p,  Hall  coefficient/?^  thermoelectric 
power  a  and  k  were  measured  in  the  temperature  range  from 
77  to  350  K.  Measuring  rrwas  carried  out  by  the  static 
comparative  method  using  transparent  quartz  as  a  standard 
specimen  in  the  vacuum  less  than  lxlO'4Pa. 

Results  and  discussion 

Figure  1  shows  microstructures  of  the  sintered  compacts 
with  starting  powder  sizes  of  6  (a),  39  (b),  180  (c)  and  380  pm 
(d).  The  D  corresponded  to  the  starting  particle  size.  It  is 
confirmed  that  there  is  no  evidence  for  the  secondary  grain 
growth  during  the  sintering  process. 

Figure  2  is  temperature  dependence  of  RH  for  the  original 
boule  and  the  sintered  compacts  shown  in  Figure  1.  In  the 
temperature  range  from  77  to  350  K,  ^decreases  with 
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Figure  1 :  Microstructures  of  sintered  PbTe  compacts,  (a),  (b),  (c)  and  (d)  correspond  to  starting  powders  with  particle  sizes  of 


6,  39,  180  and  380pm,  respectively. 

decreasing  D.  The  sintered  compact  with  smaller  D  has  higher 
hole  concentration  n  .  It  is  seemed  that  oxidation  in  the  grain 
boundary  regions  and/or  crystal  grains  is  caused  in  the 
fabrication  process  of  sintered  compacts[3]. 

Figure  3  is  temperature  dependence  of  resistivity  p  for  the 
original  boule  and  the  sintered  compacts  shown  in  Figure  1.  In 
the  temperature  range  from  77  to  250  K,  p  increased  with 
decreasing  D  and  the  variations  of  p  for  the  sintered  compacts 
are  remarkably  different  from  that  of  the  original  boule. 

Figure  4  shows  temperature  dependence  of  Hall  mobility 


Figure  2:  Temperature  dependence  of  Hall  coefficient  RH  for  original 
boule  and  sintered  compacts  shown  in  Figure  1 . 


Figure  3:  Temperature  dependence  of  resistivity  p  for  original  boule 
and  sintered  compacts  shown  in  Figure  1. 

pH  for  the  original  boule  and  the  sintered  compacts  shown  in 
Figure  1.  All  the  sintered  compacts  had  the  variations  of  pH 
different  from  the  original  boule  in  the  temperature  range  from 
77  to  250  K.  This  is  mainly  due  to  the  difference  of  carrier 
scattering  mechanism.  The  carrier  scattering  mechanism  is 
strongly  affected  by  the  formation  conditions  of  grain  boundaries 
during  SPS.  However,  the  carrier  scattering  mechanism  is  not 
clear  and  further  investigation  is  required.  pH  of  the  sintered 
compacts  approaches  toward  that  of  the  original  boule  with 
increasing  D  above  200  K.  This  is  due  to  the  decrease  of  mean 
free  path  of  carrier  with  increasing  temperature  and  also  to  the 
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Temperature  T  (K) 


Figure  4:  Temperature  dependence  of  Hall  mobility  for  original 
boule  and  sintered  compacts  shown  in  Figure  1. 

decrease  of  probability  of  scattering  at  crystal  grain  boundary 
with  the  increasing  D.  The  temperature  of  all  the  specimens 
is  proportional  to  T  2  5  above  200  K.  This  behavior  is  caused  by 
lattice  scattering  in  a  combination  of  optical-  and  acoustic- 
modes  [4], 

Figure  5  is  temperature  dependence  of  thermoelectric  power 
a  for  the  original  boule  and  the  sintered  compacts  shown  in 
Figure  1.  a  is  independent  of  D  in  the  temperature  range  from 
77  to  350  K.  This  result  agrees  with  the  theoretical  analysis 
obtained  by  J.  Yoshino[5,6]. 

Figure  6  is  temperature  dependence  of  thermal  conductivity 
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Figure  5:  Temperature  dependence  of  thermoelectric  power  a  for 
original  boule  and  sintered  compacts  shown  in  Figure  1. 


Figure  6:  Temperature  dependence  of  thermal  conductivity  k  for 
original  boule  and  sintered  compacts  shown  in  Figure  1 . 


Temperature  T  (K) 

Figure  7:  Temperature  dependence  of  lattice  thermal  conductivity 
Kph  for  original  boule  and  sintered  compacts  shown  in  Figure  1 . 


a:  for  the  original  boule  and  the  sintered  compacts  shown  in 
Figure  1.  k  has  tendency  of  decreasing  with  reduction  in  D 
below  250  K.  k  is  expressed  as 


K=K.,+  KpH>  t1) 

where  /c;and  Kph  are  electronic  and  phonon  components  of  k, 
respectivity[7] . 

/r,is  given  by 


Ktl  =  LT/p , 


(2) 
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where  L  is  lorentz  number.  Kph  was  separated  from  k  by  using  L 
as  2.45x  10  "8  V7KJ  which  is  valid  for  metal. 

Figure  7  is  temperature  dependence  of  Kphfot  the  original 
boule  and  the  sintered  compacts  shown  in  Figure  1.  Kph  of  all 
the  specimens  was  proportional  to  T~'  in  the  temperature  range 
from  200  to  350  K.  Since  the  Debye  temperature  0D of  PbTe  is 
136  K  [8],  the  condition  of  T>  6J 2  is  satisfied  in  this  study.  It 
is  thought  that  the  Umklapp  process  is  dominant  in  s^and  Kph 
is  proportional  to  T  ‘[9],  /^decreased  with  reducing  D  below 
200  K.  This  tendency  is  by  the  effect  of  long-wave  phonon 
scattering  at  grain  boundaries,  x^was  independent  of  D  above 
250  K.  J.  Yoshino[5,6]  reported  that  improvement  of  the 
dimensionless  thermoelectric  figure  of  merit  for  PbTe  by 
controlling  with  the  D  is  not  expected  theoretically.  Our  results 
experimentally  clarify  that  is  not  changed  by  controlling  D  and 
that  thermoelectric  performance  is  not  directly  affected  by  D. 

Conclusions 

Thermal  and  electrical  conduction  parameters  of  the 
sintered  PbTe  with  different  crystal  grain  sizes  Ds  were  measured 
over  the  temperature  range  from  77  to  350  K,  to  examine  the 
objective  of  this  study  is  to  examine  the  possibility  of 
improvement  in  thermoelectric  performance  for  sintered  PbTe 
by  reducing  D.  Thermal  conductivity  decreased  with  reducing 
D  below  200  K,  while  showed  no  dependence  on  D  above  200 
K  and  a :ph  was  proportional  to  T'1.  Long-wave  phonons  are 
scattered  efficiently  at  grain  boundaries  only  below  200  K.  Hall 
mobility  of  the  sintered  compacts  with  different  Ds  were  almost 
same  above  200  K.  Thermoelectric  power  was  independent  of 
the  grain  size  in  the  temperature  range  from  77  to  350  K.  It  is 
concluded  that  thermoelectric  performance  for  sintered  PbTe  is 
not  directly  affected  by  controlling  D. 
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Abstract 

Oxidation  of  lead  telluride  (PbTe)  is  a  serious  issue  for 
the  thermoelectric  application.  In  the  present  study,  the 
oxidation  behavior  of  PbTe  was  studied  at  oxygen  partial 
pressures  of  lOPa  to  0.1  MPa  in  the  temperature  range 
between  700  and  900  K.  At  moderately  low  oxygen  partial 
pressures  and  high  temperatures,  mass  loss  was  observed  and 
the  oxide  layers  (Pb^TeO^  or  PbsTeO?)  formed  on  the  PbTe 
surface.  At  high  oxygen  partial  pressures  and  low 
temperatures,  mass  gain  was  observed  and  PbTeC>3  or 
Pb2Te04/PbTe03  oxide  layers  formed  on  the  PbTe  surface. 
When  the  temperature  was  higher  than  819  K,  PbTe03 
melted  and  dropped  down  from  the  specimen.  Oxidation- 
resistive  glasses  were  coated  on  the  PbTe  surface.  The  glass- 
coated  PbTe  showed  excellent  oxidation  resistance  showing 
no  mass  change  at  773K.  * 

Introduction 

Recently,  thermoelectric  (TE)  power  generation  has  been 
applied  to  the  use  of  heat  energy  of  combustible  solid  waste, 
because  the  TE  power  generation  system  has  a  good 
flexibility  to  the  heat  source  capacity  and  to  the  change  of 
either  temperature  range  or  heat  energy  input  [1-2].  In 
general,  the  temperature  of  the  combustion  gas  in  the  solid 
waste  incinerator  changes  from  about  1000K  to  500K  when 
the  combustion  gas  flows  from  the  burner  to  the  bottom  of 
chimney.  Because  the  conversion  efficiency  is  in  proportion 
to  the  hot  junction  temperature,  it  is  better  to  equip  the  TE 
power  generator  at  a  high  temperature  region. 

There  are  many  commercial  thermoelectric  elements, 
such  as  Bi2Te3,  Sb2Te3,  PbTe,  SiGe  and  FeSi2.  Bi2Te3  and 
Sb2Te3  are  not  valid  above  500K,  and  the  conversion 
efficiency  of  FeSi2  or  SiGe  is  too  low  at  the  temperature 
range  of  500  to  900K.  On  the  other  hand,  PbTe  has  a  high 
conversion  efficiency  at  this  temperature  range.  However, 
the  combustion  gas  from  incinerators  generally  contains 
corrosive  gases,  such  as  HC1  and  H2SO4.  Therefore,  it  is 
important  to  understand  the  oxidation/corrosion  behavior  of 
PbTe  and  to  develop  an  advanced  PbTe  element  having  high 
oxidation/corrosion  resistance.  In  the  present  study,  we 
investigated  the  high  temperature  oxidation  behavior  of  PbTe 


at  the  02-Ar  atmosphere,  and  developed  a  glass  coating  to 
the  PbTe  surface  to  improve  the  oxidation  resistance. 

Experimental 

Commercial  PbTe  sintered  materials  were  used  in  the 
oxidation  experiments.  The  oxidation  experiment  was 
carried  out  at  oxygen  partial  pressures  of  lOPa  to  0.1  MPa  in 
the  temperature  range  between  700  to  900K  for  90ks.  The 
mass  changes  during  oxidation  were  measured.  Figure  1 
shows  the  schematic  of  the  oxidation  equipment.  The 
oxidized  specimens  were  investigated  by  X-ray  diffraction 
(XRD),  SEM  and  EPMA.  The  oxidation-resistive  glasses 
were  coated  as  follows.  Glass  paste  was  prepared  by  mixing 
glass  powders  with  polymer  agent  (a-Terpineol  +  Cellulose) 


water 


t 


Figure  1 .  Schematic  of  oxidation  equipment. 
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and  then  coated  on  the  PbTe  surface.  The  coated  glass  pastes 
were  dried  at  about  400K  for  1 .8ks  and  then  sintered  at  700  to 
1000K  for  1.8ks.  Four  types  of  glass  powders,  Si02-Pb0- 
BaO  (glass  A),  Si02-Pb0-B2C>3  (glass  B),  Zn0-Na20-B203 
(glass  C)  and  Si02-Na20-B203-Pb0-Te02  (glass  D),  were 
used.  The  morphology  of  the  glass  coatings  was  observed  by 
SEM.  The  oxidation  experiments  of  the  glass-coated  PbTe 
specimens  were  also  carried  out. 

Results  and  discussion 

Figure  2  shows  the  relationship  between  the  mass 
changes  and  time  at  773K.  When  oxygen  partial  pressure 
(P02)  was  lOPa,  mass  loss  was  observed.  However,  when 
P02  was  more  than  lOOPa,  mass  gains  were  observed  and  the 
mass  gains  obeyed  a  parabolic  law.  This  suggests  that  the 
oxidation  reaction  could  be  controlled  by  a  diffusion  process 
through  the  oxide  layer.  The  amount  of  mass  gain  increased 
with  oxygen  partial  pressure.  At  every  oxidation 
temperature,  the  same  tendency  was  observed;  at  a  low  P02 
region  mass  loss  occurred  and  at  a  high  P02  region  mass  gain 
occurred.  The  transition  P02  from  mass  loss  to  mass  gain 
increased  with  increasing  temperature. 

Figure  3  shows  the  typical  X-ray  diffraction  patterns  of 
the  oxidized  PbTe  surface.  At  every  oxidation  condition, 
lead  tellurium  oxides  formed  on  the  PbTe  surface,  though  the 
oxide  composition  and/or  the  oxide  polymorphic  forms  varies 


Figure  2.  Relationship  between  mass  change  and 
oxidation  time  at  773K. 


with  the  oxidation  temperature  and  oxygen  partial  pressure. 

Figure  4  summarizes  the  oxidation  behavior  at  various 
oxidation  conditions.  At  the  area  (A)  of  moderately  lower 


Figure  3.  X-ray  diffraction  patterns  of  the  oxides  formed 
on  PbTe  surface  (a:  P02=5kPa,  773K;  b:  PO2=20kPa,  773K) 
and  the  solidified  drops  (c:  PO2=20kPa,  873K). 


Figure  4.  Effect  of  temperature  and  oxygen  partial  pressure 
on  the  formation  of  oxides.  Area  A:  mass  loss;  area  B: 
mass  gain;  shadow  area:  liquid  drop  formation.  (a) 
Pb3Te05;  (A)Pb5Te07;  (O)  PbTe03;  (□)  Pb2Te04. 
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oxygen  partial  pressure  and  higher  temperature,  mass  losses 
were  observed  and  mainly  PbjTeOs  or  Pb.<jTe07  (lead  rich- 
lead  lellurium  oxides)  formed.  At  the  area  (B)  of  higher 
oxygen  partial  pressure  and  lower  temperatures,  mass  gains 
were  observed  and  mainly  PbTe03  single  phase  or  PbTe03/ 
Pb2Te04  two  phases  formed.  SEM  observation  and  EPMA 
analysis  gave  the  same  results  with  x-ray  diffraction. 
Especially,  in  the  PbTe03  /Pb2Te04  two  phase  region,  the 
multi  layers  of  PbTe03(inner)/Pb2Te04(outer)  were  observed. 

In  the  PbTe03  single  layer  formation  region,  a  liquid 
phase  appeared  when  the  temperature  is  higher  than  the 
melting  point  of  PbTeOj  (819K).  The  melted  PbTe03 
dropped  down  at  a  specific  time  interval.  The  mass  changes 
with  the  liquid-drop  formation  are  summarized  in  figure  5. 
At  first,  a  slight  mass  gain  occurred  and  then  an  abrupt  mass 
loss  proceeded.  The  abrupt  mass  loss  corresponds  to  the 
dropping  of  the  liquid  phase.  The  slight  mass  gain  and 
abrupt  mass  loss  repeated  till  the  sample  was  consumed  out. 
The  higher  the  oxidation  temperature  and  the  oxygen  partial 
pressure,  the  shorter  the  mass  gain-mass  loss  period. 

In  table  1  the  melting  points  of  several  lead  oxides, 
tellurium  oxides  and  lead  tellurium  oxides  are  summarized. 
The  melting  points  of  tellurium  oxides  and  tellurium  rich-lead 
tellurium  oxides  (PbTesOj  i ,  PbTe4C>9)  are  lower  than  those  of 
lead  oxides  and/or  lead  rich-lead  tellurium  oxides  (PbjTeOs, 
PbsTcO?).  When  the  mixture  of  PbO  and  Te02  was  heat- 
treated,  a  mass  loss  due  to  the  evaporation  of  tellurium  oxides 
was  reported  [7].  In  the  present  work,  the  mass  loss  at  the 
higher  oxidation  temperature  and  lower  oxygen  partial 
pressure  may  be  caused  by  the  evaporation  of  tellurium 
oxides  and/or  tellurium  rich-lead  tellurium  oxides. 

Two  types  of  glasses,  glass  A  and  glass  D,  were  coated 
on  to  the  PbTe  surface.  The  other  two  type  glasses,  glass  B 
and  glass  C,  were  not  well  adhered  to  the  PbTe  because  of  the 
reaction  between  the  glass  and  PbTe.  The  SEM  observation 
showed  that  the  glass  coatings  (A,  D)  have  a  thickness  of 
about  30  to  50pm  with  a  dense  morphology.  The  oxidation 
experiments  showed  that  the  oxidation  resistance  of  PbTe  was 
significantly  improved  by  the  glass-coating.  At  temperature 
of  773K  and  oxygen  partial  pressure  of  20kPa,  no  mass 
change  was  observed  for  the  glass-coated  PbTe  specimens 
(glass  D). 

Conclusion 

The  oxidation  behavior  of  PbTe  was  studied  at  oxygen 
partial  pressures  of  lOPa  to  0.1  MPa  in  the  temperature  range 
between  700  and  900  K.  At  moderately  low  oxygen  partial 
pressures  and  at  high  temperatures,  mass  loss  was  observed 
and  the  oxide  layers  (Pb3Te05  or  Pb5TeO?)  formed  on  the 


PbTe  surface  due  to  the  evaporation  of  tellurium  oxides  or 
tellurium  rich-lead  tellurium  oxides.  At  high  oxygen  partial 
pressures  and  low  temperatures,  mass  gain  was  observed  and 
PbTeOj  layer  or  Pb2Te04/PbTe03  multi-layers  formed  on  the 
PbTe  surface.  When  the  temperature  was  higher  than  8 19  K, 
PbTe03  melted  and  dropped  down  from  the  specimen. 
Oxidation-resistive  glasses  were  coated  on  the  PbTe  surface. 
The  glass-coated  PbTe  showed  excellent  oxidation  resistance 
showing  no  mass  change  at  773K. 


CM 

E 


o> 


<D 

O) 

C 

sz 

o 

<r> 

w 


0.5 

0.0 


-0.5 


-1.0 


-1.5 


-2.0 


-2.5 


-3.0 


1 

1 

& 

1 

\ 

1 

1 

\ 

1  i  !  : 

:L  i  •• 

:  1  ‘-j 

;  1  h 

I _ i  _ i - 1 — 

T,  P02: 
873K,  50kPa 
873K, 20kPa 
873K, 5kPa 
823K,  5kPa 

_ i _ 

0  20  40  60  80  100 


Time  /  ks 


Figure  5.  Relationship  between  mass  change  and  time 
for  the  case  of  liquid-drop  formation. 


Table  1  Melting  points  of  Pb-Te-0  system  oxides. 


Compound 

Melting  point 
(K) 

Ref. 

Remark 

Te02 

1008 

3 

Te03 

703 

4 

PbTe5On 

791 

3,4 

peritectic 

PbTe4C>9 

753 

3 

peritectic 

Pb2Te308 

868 

5 

PbTe03 

819 

6 

Pb2Te04 

1053 

3 

peritectic 

Pb3Te05 

1138 

6 

Pb5Te07 

1137 

3 

peritectic 

PbO 

1163 

6 
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Abstract 

The  PbTe  film,  0.4  -  3  pm  thick,  were  formed  on  different 
substrates  by  the  method  of  flash  evaporation.  The  samples 
had  a  single  crystal  structure  with  blocks  and  the  angle  of 

misorientation  was  <  1°.  The  dimensions  of  the  blocks  were 
~1  pm  for  the  films  on  mica.  Block  boundaries  were  system 
of  edge  dislocations.  On  one  side  of  each  dislocation  there 
was  a  region  of  compression  and  on  the  other  a  region  of 
dilatation.  Regardless  of  the  sign  of  the  deformation 
potential,  potential  energy  relief  is  formed  near  a  block 
boundary.  Estimates  obtained  using  parameters  of  bulk 
PbTe  have  shown  that  the  energy  barrier  can  reach  0. 1  eV. 
The  electrical  conductivity  a,  Seebeck  coefficient  S,  Hall 
coefficient  R,  and  Nemst-Ettingshausen  coefficient  Q  were 
measured  in  80  -  500  K  range.  A  comparison  with  bulk 
PbTe  single  crystals  with  the  same  charge  concentration 
indicates  that  the  films  were  characterized  by  a  higher 

parameter  S  a.  This  difference  were  attributed  to  energy- 
selective  carrier  scattering  by  potential  barriers.  The 
potential  relief  in  PbTe  thin  films  was  obtained  using  an 
electron-beam  induced  current.  Doping  of  PbTe  films  with 
certain  impurities  can  be  used  to  control  their  barrier 
properties. 

Introduction 

The  Group  IV  telluride  compound,  among  which  PbTe  is 
the  best  known,  are  a  good  thermoelectric  material  [1]. 
PbTe  is  its  relatively  high  figure  of  merit  Z,  for  the  n-and  p- 
legs  of  a  thermoelement.  The  main  advantage  PbTe  is  its 
isotropy  (NaCl  lattice)  in  a  comparison  with  the  strong 
anisotropy  thermoelectric  materials  on  the  base  Bi2Te3 
(hexagonal  lattice).  In  this  case  it  is  not  possible  to  grow  the 
thin  films  with  maximal  thermoelectric  efficiency  direction 
parallel  to  the  substrate  (along  heat  flux). 

Secondly,  the  PbTe  fabrication  technology  is  well 
developed,  making  it  possible  to  grow  samples  with  high 
mobility  transport  to  have  precise  control  over  the  carrier 
density. 

The  block  (grain)  size  in  wide  limits  (from  0.01  to  some 
jim)  can  be  varied  by  the  growth  rate  and  substrate 
temperature.  A  comparison  with  bulk  single  crystals  with 
the  same  value  of  carrier  density  indicated  that  the  films 


were  characterized  by  a  higher  thermoelectric  power  S[ 3]. 
These  differences  were  attributed  to  energy-selective 
carrier  scattering  by  potential  barriers  associated  with 
block  boundaries.  The  scattering  model  on  two- 
dimensional  potential  barriers  is  such  actual  with  view 
point  of  thermoelectric  efficiency  optimization.  The 
presence  of  such  barriers  with  strong  selective  scattering 
causes  the  increase  of  carrier  energy  in  electron  flux  from 
hot  to  cold  end.  Electrons  with  energy  E  below  Fermi 
energy  £F  practically  don’t  take  part  in  charge  flux, 
electrons  with  E>  EF  don’t  change  the  mean  free  path  /, 
which  equal  /  in  perfect  crystal.  In  this  case  we  can  wait  to 

the  obvious  increase  of  specific  power  in  such 
samples. 

Samples 

The  PbTe  films,  0.4  -  3  pm  thick,  were  prepared  by  the  flash 
evaporation  (FE).  FE  technique  is  abundantly  described  in 
the  literature.  We  used  different  substrates:  mica,  NaCl, 
BaF2.  X-ray  diffraction  methods  were  used  to  determine  the 

quality  of  crystals.  The  high  resolution  transmission  electron 
microscope  (HRTEM)  and  scanning  electron  microscope 
(SEM)  also  were  used  for  structure  investigation.  Laue 
methods  for  crystal  orientation  determination  and  optical 
methods  for  crystal  perfection  assessment.  PbTe  films  had  a 

micro-block  structure  (substrate  temperature  Ts  >  300  °C) 
with  block  orientation  (111)  plane  parallel  substrate  (mica  or 
BaF2)  and  (001)  plane  parallel  NaCl  substrate.  The 

dimensions  of  the  blocks  achieved  1-2  pm  for  the  films  on 
mica  and  5-6  pm  for  films  on  BaF2  and  angle  of 

misorientation  of  the  blocks  was  «  1°.  The  surface  reflected 
also  the  internal  structure,  which  was  probably  due  to  some 
disorientation  of  the  micro-blocks.  The  block  height  was 
equal  to  the  film  thickness.  The  same  results  were 
discovered  in  [2].  Block  boundaries  were  systems  of  edge 
dislocations.  It  was  discovered,  using  an  electron-beam 
-8 

(whose  current  was  10"  A  at  an  applied  voltage  of  20  kV) 
the  shallow  potential  relief  on  block  boundaries  (Fig.  1). 
Doping  in  PbTe  can  be  achieved  by  the  constituent  elements 
that  generate  structural  defects,  when  in  excess  of  the 
stoichiometric  composition  [4]. 
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Fig  1:  Secondary-electron  image  of  PbTe  crystal. 

Left  part  -  bulk  single  crystal,  right  part  -  thin  film 
(2  pm  thick)  on  mica  substrate.  An  oscillogram 
shows  the  induced  current  signal  (T=  300  K). 

Thus,  for  PbTe,  carrier  concentration  is  given  by 

nip)  =  -2[VXJ  +2[VPb]  +0[ITe]  -  lflpj,  (1) 

when  the  total  charge  q  is  negative,  electron  conductivity 
predominates  and  when  q  is  positive,  hole  conductivity 
dominates.  Here  [V]  and  [I]  denote  the  vacancy  and 
interstitial  concentrations  of  lead  and  tellurium, 
respectively.  The  width  of  one-phase  PbTe  compound 
region  for  this  material  is  relatively  large  and  extends  on 
both  sides  of  the  stoichiometric  composition.  The  crystal 
composition  was  changed  within  the  solubility  limits  by 
varying  the  crystal  growth  conditions  and/or  subsequent 
heat  treatment  parameters.  The  carrier  concentration  can, 
19  -3 

therefore,  attain  a  5  10  cm  value,  for  w-  and  p- type 
materials,  without  any  doping  by  foreign  impurities. 

Also  we  used  impurity  doping  for  the  film  preparation.  In 
this  case  evaporation  source  had  composition  PbTe<In>. 
The  high  solubility  of  this  impurity  allows  to  observe  and 
study  the  impurity  state  characteristic  manifestations  in 
spite  of  high  intrinsic  defect  concentration. 

Experimental  results  and  discussion 

Measurements  of  the  kinetic  effects  (electrical  conductivity 
a,  Seebeck  coefficient  S ,  Hall  coefficient  R,  Nemst- 
Ettingshausen  coefficient  Qy  and  thermal  conductivity  k)  in 
the  temperature  interval  80  -  500  K  yield  the  data  necessary 
to  determine  the  figure  of  merit  of  the  material  and  also 
provide  information  about  the  fundamental  parameters 


(carrier  density,  mobility,  impurity  level,  mechanism  of 
scattering)  necessary  to  gain  an  understanding  of  the 
relevant  properties. 

The  transport  effects  in  PbTe  films 

For  PbTe  films  on  BaF2  substrate,  temperature  dependence 

of  mobility  (temperature  interval  from  80  to  300  K)  obeys  a 
_2 

T  law,  which  is  typical  for  bulk  single  crystals.  A  number 
of  significant  features  are  observed  in  PbTe  films  on  mica.  A 
comparison  of  the  results  obtained  for  films  with  results  for 
bulk  single  crystals  [1]  showed,  that  mobility  in  films  was 
about  a  half,  that  in  bulk  crystals  at  carrier  concentration  n 

>  5-1018  cm"3(T  -  300  K).  On  the  other  hand,  the  absolute 
value  of  Seebeck  coefficient  and  ratio  Q/Ro  was  more 
higher  in  thin  films.  The  calculations  of  density  states 
effective  mass  from  S ,  R,  a,  and  Q  gave  results  which 
practically  didn’t  differ  from  the  values  obtained  for  bulk 
PbTe  crystals.  These  results  and  measurement  of  optical 
band  gap  in  the  same  films  expected,  that  considerable 
changes  S  and  Q  were  mainly  connected  with  the 
appearance  of  an  additional  scattering  mechanism.  The 
mobility  decreasing  in  thin  films  by  a  factor  of  2  and  more 
indicated  that  the  relative  contribution  of  this  scattering 
mechanism  was  approximately  the  same  as  that  of  the 
phonon  scattering,  known  to  dominate  the  transport  effects 
in  bulk  PbTe  in  this  temperature  range.  Effective  scattering 
parameter  r  in  thin  films  was  calculated  from  experimental 
values  S ,  R,  a,  and  Q.  The  technique  of  calculations  is 
described  in  details  in  [5].  In  the  case  of  degenerate  state 
(typical  for  optimal  charge  concentration  in  the 
thermoelectric  applications)  effective  mobility  p  and 
effective  parameter  r  (in  this  case  r  characterizes  mixed 
scattering  can  be  calculated  in  terms  of  the  parameters 
specific  to  each  mechanism: 


U  =  UlM^l  +M2)> 

(2) 

r  =  (|x 2r,  +  |^,r2)/(Hj  +  \x2). 

(3) 

Here  \xh  rx  -  mobility  and  scattering  parameter  for  bulk 
crystal  (phonon  mechanism);  p2,  r2  -parameters  for 
additional  scattering  mechanism.  Using  the  data  of  pjand  r} 
for  the  bulk  samples  [1],  we  estimated  the  values  of  p2  and 
r2 .  It  was  shown,  that  parameter  r2  is  large  and  positive 
(more  2)  at  temperature  T  =  100  K.  In  the  same  time 
mobility  p2  is  less  than  at  T  -  100  K  and  its  temperature 
variation  (100  -  300  K)  is  weak.  The  value  of  r2  and  the 
behaviour  of  mobility  p2  are  typical  for  scattering  on 
defects.  The  same  effect  was  also  discovered  in  p- type  PbTe 
films.  Several  types  of  defects,  in  principle,  can  influence  on 
transport  in  thin  films.  However,  as  shown  in  [6],  additional 
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scattering  is  connected  with  block  boundaries.  These  block 
boundaries  may  act  as  concentration  of  electron  states 
whose  filling  produces  a  potential  barriers  (scattering 
centres).  The  rise  of  the  Fermi  energy  £F  increases  the 
population  of  the  boundary  states  and  the  barrier  height  £b. 
If  £b  »  £F  such  barrier  scatters  efficiently  carriers  with 
energy  below  £F  and  weakly  carriers  of  higher  energy.  The 
potential  barriers,  whose  height  followed  automatically  the 
chemical  potential  level.  A  weak  two-dimensional  potential 
may  result  from  elastic  deformation  of  a  crystal  around 
dislocation.  Near  an  edge  dislocation  there  are  always 
compressed  and  stretched  regions,  which  give  rise  to 
potential  wells  and  humps  and  this  happens  for  either  sign  of 
carrier  charge  (i.e.,  it  occurs  in  n-  and  /7-type  materials). 
Bound  states  appear  in  such  a  potential  well.  The  change  of 
conduction  band  in  plane  of  block  boundary  was  shown 
schematically  on  Fig.  2  for  homogeneous  distribution  of 
doping  impurity  [6]. 


Y 


Fig  2:  Potential  of  electron  at  a  block  boundary. 

1  -  deformation  potential,  2  -  smoother  electrostatic 
potential  forming  barrier,  3  -  localised  level,  4  -  stress 
sign  (u+  “  -  dilatation  area,  “  -  compression  area). 

These  conclusions  permit  to  explain  the  results  of  influence 
of  doping  impurity  on  scattering  properties  of  block 
boundary.  Difference  between  films  and  bulk  samples 


practically  disappears  in  PbTe  films  doping  In.  In  this  case 
value  of  mobility  and  scattering  parameter  close  to  bulk 
values.  Consequently,  doping  In  PbTe  films  decreases  the 
role  of  addition  scattering  of  carriers  on  block  boundaries. 
Atom  of  In  replacing  Pb,  giving  up  an  electron  to 
conduction  band  and  makes  the  relevant  lattice  site 
positive.  It  follows,  that  ionic  radius  Rbl+^+  less  than 
Rpb++  ,  In  ions  accumulate  in  the  compression  regions. 

Estimates  indicate,  that  the  concentrations  impurities  near 
dislocations  may  be  one  or  two  orders  higher  than  in 
block  volume.  The  enrichment  of  the  saddle  points  of  the 
potential  barriers  with  In  ions  effectively  lowers  the 
percolation  level. 

Thermal  conductivity  in  PbTe  films  with  block  boundaries 
Thermal  conductivity  in  PbTe  films  was  measured  by  the 
method  described  in  [5].  The  carrier  contribution  was 
estimated  from  Wiedemann-Franz  relation.  The  influence 
of  film  thickness  on  the  value  of  the  lattice  thermal 
conductivity  k ^  is  not  observed.  For  PbTe  films  on  BaF2 
substrate,  temperature  dependence  of  k p  (temperature 

interval  from  80  to  300  K)  obeys  a  T  1  law,  which  is 
typical  for  bulk  single  crystals.  The  effect  of  phonon 
scattering  on  block  boundary  is  very  weak.  It  is  connected 
with  small  value  of  mean  free  path  of  phonons  in 
compound  PbTe.  The  influence  of  boundary  scattering  of 
phonons  on  the  thermal  conductivity  can  be  increased  in 
solid  solutions  on  the  base  PbTe.  This  change  is  connected 
with  different  role  of  long-wavelength  phonons  in  the 
thermal  conductivity.  Such  effect  was  observed  in  solid 
solutions  on  the  base  Bi2Te3  [7].  The  lowering  of  the 
lattice  thermal  conductivity  in  the  films  of  the  solid 
solutions  leads  to  a  considerable  increase  in  the  Z. 

Influence  of  potential  relief  on  minority  earners 
Potential  relief  in  these  structures  can  influence  complexly 
on  thermoelectric  characteristics  at  high  temperature.  It  is 
connected  with  more  influence  of  minority  carriers  in 
transport  effects.  We  tried  to  estimate  this  process, 
measuring  diffusion  length  of  minority  carriers  L  in  thin 
films  [8].  With  this  goal  we  produced  vertical  p-n  junctions 
in  p-type  films  by  the  method  of  implantation  of  zinc  in 

doses  of  1016  cm  2  (the  ion  energy  was  150  keV).  Figure  3 
shows  the  induced  current  signals  produced  in  SEM  at 
temperatures  of  300  ad  80  K.  We  determined  L  of  minority 
carriers  in  original  part  (p- type  PbTe).  The  values  of  Le, 
determined  from  the  slope  of  the  curve  ln(V/Vo)  =j{x)7  are 
5  and  50  pm  at  temperatures  of  300  and  80  K.  These 
diffusion  length  of  carriers  in  films  are  longer  than  the 
published  values  for  bulk  single  crystals.  The  increase  in 
the  diffusion  length  of  carriers  in  films  is  due  to  an  increase 
in  their  lifetime  because  of  the  presence  of  the  potential 
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relief  linked  with  block  boundaries,  carriers  generated  by 
an  electron  beam  in  our  case  (or  heat  generation)  become 
spatially  separated:  electrons  become  localized  at  the 
maximum  of  potential  well  and  holes  are  localized  at  the 
minimum,  which  retards  their  recombination. 
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Fig  3:  Induced-current  signal  for  vertical  p-n  junction  (ion 
implantation  method)  in  PbTe  film,  prepared  on  BaF2 
substrate  (the  original  p -  type  region  on  the  right). 
Temperature  T \  K:  a)  300;  b)  80. 

An  additional  check  of  the  reliability  of  our  results  was  made 
by  applying  the  another  method  to  determine  the  diffusion 
length  of  carriers.  Since  the  sensitive  area  of  a  vertical  p-n 
junction  in  a  film  is  equal  to  the  product  of  the  diffusion 
length  of  carriers  and  the  film  width,  we  were  abler  to 
determine  the  diffusion  length  of  carriers  from  the  strength 
of  the  photosignal  in  response  to  a  given  flux  of  the  incident 
infrared  radiation.  This  was  done  by  using  the  photoelectric 
parameters  of  a  p-n  junction  (zero-bias  differential 
resistance,  quantum  efficiency,  p-n  junction  figure  of  merit). 
The  diffusion  length  found  in  this  way  at  T  =  80  K  are 
similar  to  the  values  quoted  above. 
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ABSTRACT 

This  paper  describes  the  results  of  thermoelectric  measure¬ 
ments  carried  out  by  our  group  on  Pb-Sn-Te  alloy  thin  films 
of  different  compositions,  prepared  by  vacuum  thermal  flash 
evaporation.  The  compositions  studied  were  Pbo.8Sno.2Te, 
Pbo.6Sno.4Te,  Pbo.5Sno.5Te  and  Pbo.4Sno.6Te.  Thin  films  of 
the  ternary  alloy  Pbo.8Sno.2Te  with  excess  1%  Te  doping  was 
also  studied  to  see  the  effect  of  excess  Te  on  the  thermoelec¬ 
tric  properties.  Simultaneously  electrical  resistivity  of  the 
films  was  also  measured,  and  both  the  thermoelectric  power 
and  electrical  resistivity  data  were  analyzed  by  the  Effective 
Mean  Free  Path  model.  Out  of  the  compositions  studied, 
it  was  found  that  1%  Te  excess  doped  Pbo.8Sno.2Te  alloy 
thin  films  showed  the  best  thermoelectric  power  and  figure 
of  merit  values.  However,  these  values  were  lower  than  the 
bulk  values  as  is  to  be  expected  due  to  the  high  electri¬ 
cal  resistivity  of  thin  films  compared  to  the  bulk.  Whereas 
thermoelectric  power  of  Pbo.8Sno.2Te  thin  films  was  of  the 
order  of  240  /iV/K,  the  thermoelectric  power  of  thin  films 
of  other  compositions  was  around  150  -  180  //V/ K  only.  It 
was  found  that  thicker  films  showed  higher  figure  of  merit 
whereas  thinner  films  showed  lower  figure  of  merit.  This  is 
due  to  the  fact  that  thinner  film  resistivity  is  higher  than 
the  thicker  ones  due  to  the  classical  size  effect,  i.e.,  larger 
additional  surface  scattering  contribution.  The  details  of 
the  results  obtained  on  different  composition  thin  films  are 
discussed. 

Introduction 

The  pseudobinary  Pb(1_3;)SnITe  semiconductors  are  widely 
used  as  IR  detectors,  optoelectronics  devices  [1-4]  and  as 
thermoelectric  devices  [5] .  These  have  a  wide  range  of  op¬ 
erating  temperatures  between  300  K  and  800  K  and,  thus, 
this  material  is  useful  above  room  temperatures.  This  al¬ 
loy  forms  continuous  solid  solutions  and  crystallises  in  rock 
salt  structure  throughout  the  range  0  <  x  <  1.  Lattice 
constant  changes  from  a  =  6.327  A  to  6.461  A  on  going 
from  x  =  0  to  1.  As  x  increases,  energy  gap  value  decreases 
linearly  and  changes  over  to  negative  values  crossing  the 
zero  energy  gap  at  x  =  0.62.  The  negative  band  gap  of 
this  material  is  explained  by  the  band  inversion  model  [6]. 
Even  though  there  have  been  many  reports  on  electrical 
and  structural  properties  of  Pb(i_x)SnxTc  thin  films  [7-11] 
there  are  only  few  works  on  thermoelectric  properties  of 


?0  ( degrees) 


Figure  1:  Typical  X-Ray  Diffraction  pattern  of  a  thin  film 
of  Pb0.gSn0.2Te  alloy 

thin  films  of  these  materials  [12-13].  In  this  paper  we  give 
a  review  of  the  results  on  thermoelectric  figure  of  merit  of 
thin  films  of  Pb-Sn-Te  alloys  of  composition  Pb0.gSn0.2Te, 
Pbo.eSn0.4Te,  Pbo.5Sno.5Te,  Pb0.4Sn0.eTe  and  1%  excess  Te 
doped  films  obtained  in  our  laboratory. 

Results  and  Discussion 

Structural  Analysis 

The  structural  analysis  was  done  by  X-Ray  Diffraction 
(XRD)  and  Transmission  Electron  Microscopy  (TEM) 
techniques.  The  d- values  obtained  for  both  bulk  and  thin 
films  from  XRD  and  SAD  (Selected  Area  Diffraction)  pat¬ 
terns  were  compared  with  the  ASTM  d- values  of  PbTe  and 
SnTe  alloys  and  it  was  observed  that  the  lattice  parameters 
of  the  alloys  were  lying  in  between  those  of  PbTe  and  SnTe 
alloys  and  increase  with  the  increase  of  Sn  content  in  the 
films.  Typical  XRD  pattern  of  a  thin  film  is  shown  in  Fig¬ 
ure  1 .  All  the  films  were  polycrystalline  in  nature  with 

rock  salt  structure.  Figure  2  shows  the  TEM  and  SAD 
patterns  of  a  film.  It  was  generally  observed  that  the  grain 
size  of  the  films  increases  with  thickness  of  the  films  [14]. 
Also  it  was  observed  that  there  was  some  noticeable  change 
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b) 


Figure  2:  a)  Typical  SAD  pattern  b)  TEM  micrograph 


in  grain  size  and  orientation  of  the  films  during  the  heat 
treatment  while  the  resistivity  of  the  films  was  measured. 

Thermoelectric  Power 

Thermoelectric  power  of  all  the  films  was  measured  in  the 
temperature  range  300  K  -  500  K  using  the  integral  tech¬ 
nique.  The  experimental  set  up  is  described  elsewhere  [15]. 
In  all  the  cases  thermoelectric  power  of  the  films  increased 
with  the  temperature  and  the  sign  of  thermoelectric  power 
indicated  p-type  conductivity  for  all  compositions  of  the  al¬ 
loy  studied.  It  is  reported  by  us  in  [16]  that  thermoelectric 
power  of  the  films  of  Pb0.sSn0.2Te  alloy  is  well  below  the 
state  of  the  art  in  this  field.  But  it  was  suggested  that 
by  excess  doping  of  Te  in  these  alloys  we  can  improve  the 
thermoelectric  figure  of  merit.  Hence  alloy  of  Pb0.sSn0.2Te 
semiconductor  with  1%  excess  doping  was  prepared  and 
thermoelectric  power  of  thin  films  of  this  doped  material 
was  measured.  Figure  3.  shows  thermoelectric  power  of 
thin  films  of  Pb0.sSn0.2Te  material  doped  with  1%  excess  tel¬ 
lurium  with  reciprocal  temperature.  Thermoelectric  power 
of  a  p  type  semiconductor  is  given  by  [IT], 


Figure  3:  Plot  of  S  versus  1000/T  of  thin  films  of  1%  excess 
doped  Pbo.8Sno.2Te  alloy. 


k  Ef-Ev 

S  =  (e}  [~i^  +  A]  (1) 

The  above  equation  suggests  that  a  plot  of  thermoelec¬ 
tric  power  of  the  films  with  reciprocal  temperature  will  be 
linear  if  we  assume  that  E^-Ey^Eo-^  holds  good  over  a 
wide  range  of  temperatures.  Here  7  is  the  temperature  co¬ 
efficient  of  activation  energy.  The  intercept  of  the  plot  gives 
E0  and  the  slope  of  the  plot  will  give  7.  It  is  seen  from  the 
figure  that  thermoelectric  power  of  the  films  varies  linearly 
in  the  low  temperature  range  whereas  it  saturates  in  the 
high  temperature  range.  This  suggests  that  at  high  tem¬ 
peratures  E^-Ev=Eo“7  becomes  constant,  i.e.,  the  Fermi 
level  gets  pinned  at  high  temperatures.  This  can  be  ex¬ 
pected  because  of  the  fact  that  the  activation  energy  values 
are  too  low  (0.05eF)  and  hence  at  high  temperatures  there 
is  abundance  of  excess  charge  carriers.  The  details  are  given 
in  [1 8] .  It  is  observed  that  thermoelectric  power  values  vary 
from  150  //  Volt/A"  at  low  temperatures  to  240  /z  Volt /K 
at  high  temperatures  in  the  case  of  the  high  thickness  films. 
Thus,  in  the  excess  doped  material  the  pinning  of  the  Fermi 
level  at  high  temperatures  limits  thermoelectric  power  to 
around  240  ji  Volt / K.  Even  though  thermoelectric  power 
saturates  at  high  temperature,  doping  of  Te  enhances  ther¬ 
moelectric  power  of  the  material.  Also  this  has  the  highest 
thermoelectric  power  compared  to  the  other  compositions 
studied  and  they  are  described  below. 

Thermoelectric  power  variation  of  Pbo.6Sno.4Te  thin  film 
with  temperature  was  analyzed.  It  was  seen  that  the  initial 
increase  of  thermoelectric  power  with  temperature  indicates 
the  partial  degenerate  nature  of  the  thin  films.  Also  it  was 
observed  that  the  maximum  value  of  thermoelectric  power 
of  thin  film  at  high  temperature  is  around  170  /z  V/K  [19]. 

Figure  4  compares  the  thermoelectric  power  of  thin  film 
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Figure  4:  Plot  of  thermoelectric  power  versus  Temperature 
of  thin  films  of  alloys  x  =  0.2  (1%  Te  excess  doped),  0.4, 
0.5  and  0.8 


of  thickness  around  1000  A  of  various  alloys  studied.  It 
is  seen  from  the  figure  that  Pb0.sSn0.2Te  with  1%  excess 
doped  alloy  exhibits  high  thermoelectric  power  among  the 
alloys  studied.  Thin  films  of  the  alloys  with  x  =  0.4  and  0.5 
have  more  or  less  the  same  thermoelectric  power.  The  other 
alloy  with  x  =  0.8  gives  very  low  thermoelectric  power. 

Similarly  electrical  conductivity  of  the  films  of  all  the  al¬ 
loys  studied  was  measured  in  the  temperature  range  of  300 
K-  500  K.  Figure  5.  shows  the  plot  between  Ln  R  and 
1000/T  of  thin  films  of  about  1200  A  thickness  of  various 
alloys.  It  is  seen  that  all  the  films  are  showing  semiconduct¬ 
ing  nature.  Thermoelectric  figure  of  merit  was  calculated 

for  these  films  using  the  reported  thermal  conductivity  val¬ 
ues  which  vary  with  temperature  in  the  temperature  range 
300  K  -  500  K  between  K  —  0.023  W/cm  K  and  0.04  W/cm 
K  [20].  Figure  6  shows  variation  of  thermoelectric  figure  of 
merit  with  temperature  for  two  different  alloy  compositions. 
Figure  of  merit  values  of  alloys  around  room  temperature 
with  x  ==  0.4,  0.5,  0.8  and  1%  Te  doped  in  x  =  0.2  are  5.13 
x  10“6,  4.07  x  10“6,  87  x  10“6  and  96  x  10~6  K_1  re¬ 
spectively.  Even  though  there  is  no  systematic  variation  of 
figure  of  merit,  it  is  observed  that  thin  films  of  Pb0.gSn0.2Te 
doped  with  1%  Te  doped  have  very  high  thermoelectric  fig¬ 
ure  of  merit  than  the  other  compositions.  But  these  values 
are  low  compared  to  the  bulk  materials  because  of  the  fact 
that  materials  in  the  thin  film  state  show  high  resistance. 

Conclusions 

A  systematic  analysis  of  thermoelectric  properties,  i.e., 
thermoelectric  power  and  thermoelectric  figure  of  merit  of 
thin  films  of  Pb1_a,Sna:Te  alloys  of  various  compositions  in¬ 
dicated  that  excess  doping  of  Te  in  the  alloy  Pb0.gSn0.2Te 
enhances  thermoelectric  figure  of  merit  noticeably.  But  at 
high  temperatures  (500  K)  thermoelectric  power  saturates 
for  this  excess  doped  material  and  it  is  attributed  to  the  pin- 


alloy  thin  film. 


Figure  6:  Figure  of  merit  versus  Temperature  of  thin  films 
of  x  =0.4  and  x  =  0.8  alloys 
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ning  of  the  Fermi  level.  Studies  on  other  compositions  (x  = 
0.8, 0.5,  0.6  and  0.4)  indicate  that  thermoelectric  power  of 
these  alloy  thin  films  varies  between  150  /z  Volt/K  and  180 
//  Volt/K  (for  the  high  thickness  films  studied,  of  about 
3000  A)  which  is  well  below  that  of  the  doped  material. 
Thus, the  composition  with  x  =  0.2  doped  with  1%  excess 
Te  gives  high  thermoelectric  power  and  thermoelectric  fig¬ 
ure  of  merit.  Hence  for  any  device  fabrication  purpose,  this 
doped  material  can  be  preferred. 
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Abstract 

Bi-doped  n-type  PbTe  powders  were  fabricated  by 
mechanical  alloying  and  melting/grinding  to  compare 
the  thermoelectric  properties  of  the  alloys  with  powder 
processing  methods.  Hot  pressing  of  the  PbTe 
powders  was  conducted  at  650  °C  and  750  °C  for  1  hour 
in  vacuum.  When  measured  at  temperatures  ranging 
from  25  °C  to  450  eC,  PbTe  fabricated  by  mechanical 
alloying  exhibited  more  negative  Seebeck  coefficient, 
higher  electrical  resistivity  and  lower  thermal 
conductivity,  compared  to  ones  prepared  by 
melting/grinding.  The  temperature  for  the  maximum 
figure-of- merit  shifted  to  lower  temperature  for  the 
specimens  fabricated  by  mechanical  alloying.  When 
hot  pressed  at  650 °C,  0.3  wt%  Bi-doped  PbTe 
fabricated  by  mechanical  alloying  and  melting/grinding 
exhibited  a  maximum  figure-of-merit  of  1.33xlOs/K 
at  200 °C  and  1.07X10‘S/K  at  350  °C,  respectively. 

Introduction 

As  a  thermoelectric  material  having  the  highest 
figure-of-merit  at  around  400  °C,  PbTe  has  been 
widely  applied  to  fabricate  the  thermoelectric  gener¬ 
ators  using  various  heat  sources. 

Conventionally,  the  powders  for  sintered  PbTe  alloys 
have  been  fabricated  by  melting/grinding  process 
[1,2].  In  recent  years,  mechanical  alloying  has  been 
applied  to  fabricate  polycrystalline  thermoelectric 
materials  such  as  Si-Ge  alloys  and  Bi2Te3~based 
alloys  [3,4].  Since  mechanical  alloying  occurs  near 
room  temperature,  this  technique  can  be  a  cost¬ 
saving  process  for  the  production  of  polycrystalline 
thermoelectric  materials  compared  with  the  "vacuum 
melting/grinding"  where  a  long  processing  time  with 
high-temperature/large-scale  facilities  is  required. 

In  this  paper,  the  thermoelectric  properties  of  Bi- 
doped  PbTe  fabricated  by  mechanical  alloying  and  hot 
pressing  were  compared  with  the  values  of  the  alloys 
prepared  by  melting/grinding. 

Experimental  procedure 

To  process  the  PbTe  powders  using  mechanical 
alloying,  high  purity  099.99%)  Pb  and  Te  granules 


(  —  5  mm  size)  were  weighed  for  PbTe  composition 
and  charged  with  Bi  up  to  0.5  wt%  as  donor 
dopants  into  a  hardened  tool-steel  vial  under  Ar 
atmosphere.  Ball-to-material  weight  ratio  was  held 
at  5  :  1.  Mechanical  alloying  was  conducted  by 
shaking  the  vial  at  about  1200  rpm  for  210  minutes 
using  a  Spex  mill. 

To  prepare  the  PbTe  powders  by  melting/grinding, 
Pb  and  Te  granules  were  weighed  to  make  a  ingot 
of  40g  and  charged  with  0.1  and  0.3  wt%  Bi  into  a 
carbon-coated  quartz  tube.  The  quartz  tube  was 
vacuum- sealed  at  10  5  torr.  Pb  and  Te  in  the  quartz 
tube  were  melted  at  1000  °C  for  2  hours  using  a 
rocking  furnace  and  then  quenched.  The  PbTe 
ingots  were  grown  in  a  zone  melting  furnace  at 
1000  °C  with  a  growth  rate  of  1  mm/min.  The  ingots 
were  crushed  in  an  alumina  mortar  to  obtain  the 
powders  of  90-250  gm  size. 

The  PbTe  powders,  fabricated  both  by  mechanical 
alloying  and  by  melting/grinding,  were  reduction- 
treated  at  400  °C  for  24  hours  in  (50%  H2  +  50%  Ar) 
atmosphere.  The  powders  were  cold-pressed  at  475 
MPa  to  form  5  mm  x  5  mm  x  10  mm  compacts,  and 
hot  pressed  in  vacuum  for  1  hour  at  650  TC  and  750 
°C .  Density  of  the  hot-pressed  specimens  was 
measured  with  Archimedes  method,  and  fracture 
surface  parallel  to  the  hot-pressing  direction  was 
observed  using  scanning  electron  microscopy  (SEM). 
The  Seebeck  coefficient  (a)  of  the  hot-pressed 
specimens  was  measured  at  temperatures  ranging 
from  25  °C  to  450  °C  by  applying  a  temperature 
difference  of  20 °C  at  both  ends  of  a  specimen  using 
a  sub-heater.  The  electrical  resistivity  (p)  and 
thermal  conductivity  (k)  were  measured  using 
Harman  method  [5].  All  thermoelectric  measure¬ 
ments  were  performed  in  a  vacuum  of  10  5  torr  to 
minimize  the  oxidation  of  the  specimens  and  the 
thermal  conduction  through  convection.  The 
figure-of-merit  was  calculated  from  of  Z  =  a2/p*K. 

Results  and  Discussion 

Fig.  1  illustrates  SEM  and  optical  micrographs  of  the 
PbTe  prepared  by  mechanical  alloying  and  melting/ 
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grinding.  When  hot  pressed  at  650  °C,  the  undoped 
PbTe  was  not  fully  sintered.  However,  densification 
was  progressed  almost  completely  and  the  grain  size 
increased  substantially  with  the  addition  of  0.1  wt% 
Bi.  Microstructural  variation  with  the  Bi  content  up  to 
0.5  wt%  was  not  noticeable.  When  hot-pressed  at  650 
°C,  the  sintering  density  of  the  mechanically  alloyed 
PbTe  was  improved  from  93%  to  the  almost  full 
density  with  addition  of  Bi  more  than  0.1  wt%.  From 
this  result  with  Fig.  1,  it  might  be  expected  that  Bi 
dopant  acted  as  a  sintering  aid  during  hot  pressing  of 
PbTe.  Fig.  1(d)  illustrates  that  densification  and  the 
grain  growth  occurred  for  the  undoped  specimen  by 
hot-pressing  at  750 °C.  As  shown  in  Fig.  1(e)  and  (f), 
the  grain  sizes  of  the  PbTe  prepared  by  melting/ 
grinding  were  much  larger  than  ones  of  the 
mechanically  alloyed  PbTe,  which  might  be  due  to  the 
difference  of  the  powder  sizes  before  hot-pressing. 

Figs.  2  and  3  show  the  thermoelectric  properties  of 
the  PbTe  mechanically  alloyed  and  hot  pressed  at  650 
°C  and  750  °C,  respectively.  The  undoped  PbTe 
exhibited  the  negative  Seebeck  coefficients,  and  thus 
n-type  conduction.  Although  PbTe  may  be  either 
p-type  or  n-type  according  to  the  Pb/Te  stoichiome¬ 
tric  ratio  [1],  powdering  process  for  sintered  PbTe  has 
been  reported  to  introduce  donor  levels  [2,6]. 

The  Seebeck  coefficient  and  electrical  resistivity 
decreased  remarkably  with  addition  of  0.1  wt%  Bi. 
However,  variations  of  these  properties,  especially  at 


lower  temperatures,  were  not  so  appreciable  with 
further  addition  of  Bi.  From  these  results  with  the 
microstructural  behavior  in  Fig.  1,  it  may  be 
suggested  that  the  solubility  of  Bi  in  PbTe  is  around 
1  wt%.  The  Seebeck  coefficient  and  electrical 
resistivity  of  the  undoped  PbTe  decreased  substan¬ 
tially  by  hot  pressing  at  750  °C,  which  could  be 
attributed  to  the  microstructural  change  shown  in 
Figs.  1(a)  and  (d).  For  the  undoped  PbTe,  a  substan¬ 
tial  grain  growth  occurred  by  hot  pressing  at  750  °C, 
resulting  in  the  decrease  of  the  electrical  resistivity 
and  hence  the  Seebeck  coefficient.  Then,  the  decrease 
of  the  electrical  resistivity  and  the  Seebeck  coefficient 
with  the  addition  of  Bi,  shown  in  Fig.  2,  were  not 
only  due  to  the  increase  of  the  electron  concentration, 
but  also  due  to  the  increase  of  the  carrier  mobility 
with  densification  and  grain  growth. 

For  the  specimens  hot-pressed  at  650 °C,  0.3  wt% 
Bi-doped  PbTe  exhibited  a  maximum  figure-of- merit 
of  1.33X10"3/K  at  200  °C.  When  hot  pressed  at  750 1), 
a  maximum  figure-of- merit  of  1.27X10  3/K  at  250  °C 
was  obtained  for  the  0.1  wt%  Bi-doped  PbTe 
Fig.  4  illustrates  the  thermoelectric  properties  of  the 
0.1  wt%  Bi  and  0.3  wt%  Bi-doped  PbTe,  which  were 
prepared  by  melting/grinding.  The  Seebeck  coefficients 
and  electrical  resistivities  of  the  specimens  prepared 
by  melting/grinding  were  lower  than  the  values  of  the 
mechanically  alloyed  PbTe,  which  might  be  due  to  the 
different  degree  of  surface  oxidation  of  the  powders 


Fig.  1  SEM  micrographs  of  the  mechanically  alloyed  PbTe  with  Bi  addition  of  (a)  0  wt%,  (b)  0.1  wt%, 

(c)  0.3  wt%  (hot-pressed  at  650  °C)  and  (d)  0  wt%  (hot-pressed  at  750  °C),  and  optical  micrographs 
of  PbTe  prepared  by  melting/grinding  with  (e)  0.1  wt%  Bi  and  (f)  0.3  wt%  Bi  (hot-pressed  at  650 °C). 
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Fig.  2  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity,  and  (d)  figure-of-merit 
of  PbTe  fabricated  by  mechanical  alloying  (hot-pressing  temperature  '  650 °C). 


Measuring  temperature  (°C) 


Fig.  3  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity,  and  (d)  figure-of-merit 
of  PbTe  fabricated  by  mechanical  alloying  (hot-pressing  temperature  •  750*0. 
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Fig.  4  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity,  and  (d)  figure-of-merit 
of  PbTe  fabricated  by  melting/grinding  (hot-pressing  temperature  :  650  “C  and  750  ”C). 


before  hot  pressing.  As  mechanical  alloying  occurs  by 
repeated  fracture  and  cold  welding  of  the  powders 

[7],  the  surface  of  the  mechanically  alloyed  powders 
is  more  easily  oxidized  than  the  powders  prepared  by 
melting/grinding.  Contrary  to  the  case  of  BLT ea  alloys 
where  the  oxygen  acts  as  a  donor  dopant  [8,9],  the 
oxygen  is  a  p-type  dopant  for  PbTe  [6,10],  As  shown 
in  Fig.  4(d),  the  maximum  figure-of-merit  shifted  to 
higher  temperature,  compared  to  ones  for  the  mecha¬ 
nically  alloyed  PbTe.  A  maximum  figure-of-merit  of 
1.07  x  10’3/K  at  400  °C  was  obtained  for  the  0.3  wt% 
Bi-doped  PbTe,  which  was  hot-pressed  at  650‘C. 

Summary 

The  Seebeck  coefficients  and  electrical  resistivities  of 
the  PbTe  prepared  by  melting/grinding  were  lower 
than  the  values  of  the  mechanically  alloyed  specimens, 
which  might  be  due  to  the  different  degree  of  surface 
oxidation  of  the  powders  before  hot  pressing.  The 
temperature  for  the  maximum  figure-of-merit  shifted 
to  lower  temperature  for  the  specimens  fabricated  by 
mechanical  alloying.  When  hot  pressed  at  650 'C,  the 
0.3  wt%  Bi-doped  PbTe  fabricated  by  mechanical 
alloying  and  melting/grinding  process  exhibited  a 
maximum  figure-of-merit  of  1.33  x  10  3/K  at  200"C  and 
1.07xlO‘3/K  at  350  °C,  respectively. 
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Abstract 

The  actual  knowledge  existing  on  electronic  structure  determi¬ 
nations  for  semiconducting  transition  metal  silicides  obtained 
from  band  structure  calculations  and  investigations  of  optical 
interband  spectra  is  reviewed.  The  emphasis  is  put  on  the 
information  available  for  the  semiconducting  3d  transition 
metal  silicides  which  is  combined  with  recently  gained  experi¬ 
mental  and  theoretical  data  for  the  semiconducting  4d  and  5d 
transiton  metal  silicides.  From  band  structure  studies  and 
optical  investigations  it  is  concluded  that  most  semiconducting 
transition  metal  silicides  are  indirect-gap  materials.  An  elec¬ 
trical  data  analysis  indicates  that  all  non-intentionally  doped 
semiconducting  silicides  exhibit  hole  conduction  with  relative¬ 
ly  high  carrier  concentrations  even  in  epitaxial  films  and  single 
crystals.  The  experimental  electron  to  hole  mobility  ratios  are 
less  than  unity,  i.e.  mobilities  of  electrons  are  usually  much 
lower  than  those  of  holes.  Effective  masses  seem  to  be  >  1 
free  electron  mass  for  most  semiconducting  silicides.  The 
extensive  work  done  on  the  electrical  and  thermoelectrical 
properties  of  semiconducting  iron  disilicide  thin  films  and 
single  crystals  will  be  considered  in  more  detail. 

Introduction 

Semiconducting  transition  metal  silicides  are  a  class  of  semi¬ 
conductors  which  are  considered  to  be  promising  for  thermoe¬ 
lectric  applications.  In  recent  years  considerable  progress  has 
been  achieved  in  the  growth  of  epitaxial  layers  and  also  of 
single  crystals  for  a  series  of  semiconducting  transition  metal 
silicides.  This  allows  a  deeper  understanding  of  their  funda¬ 
mental  electronic  and  electrical  properties.  Only  few  silicides 
are  reported  to  be  semiconducting.  As  a  rule  these  include  Si- 
rich  phases  with  transition  metals  from  the  VI.  to  the  ' VIII. 
Group  of  the  Periodic  Table.  Now  nine  semiconducting  transi¬ 
tion  metal  silicides  are  known:  CrSi2,  MnSix,  B-FeSi2,  Ru2Si3, 
ReSij  75,  OsSi,  Os2Si3,  OsSi2,  and  Ir3Si5.  Theoretical  estima¬ 
tes  also  predict  metastable  hexagonal  MoSi2  and  WSi2  to  be 
small-gap  semiconductors.  Most  efforts  are  concentrated  on 


the  6-phase  of  FeSi2.  On  the  one  hand,  this  is  due  to  the 
availablitiy  of  the  components  Fe  and  Si  and  the  non-toxicity 
of  the  compound  and  the  preparation  process.  On  the  other 
hand,  8-FeSi2  exhibits  interesting  physical  properties  being 
attractive  for  optoelectronics,  photovoltaics,  thermoelectrics. 

Crystallographic  structure 

The  semiconducting  silicides  crystallize  in  a  variety  of  crystal¬ 
lographic  structures.  A  compilation  of  structural  data  is  contai¬ 
ned  in  [ll  Most  of  the  semiconducting  silicides  crystallize  in 
the  orthorhombic  structure.  Some  of  them  are  isostructural,  i.e. 
the  disilicides  of  Os  and  Fe  as  well  as  Ru2Si3  and  Os2Si3. 
Thus,  the  formation  of  solid  solutions  on  their  basis  over  the 
whole  composition  range  can  be  expected.  The  crystallogra¬ 
phic  structure  of  6-FeSi2  has  been  studied  most  thoroughly 
[2l  The  orthorhombic  unit  cell  contains  16  molecules.  There 
are  two  crystallographically  inequivalent  lattice  sites  for  both 
Fe  and  Si  with  slightly  differing  distances  to  nearest  neigh¬ 
bours.  Ru2Si3  and  Os2Si3  are  so-called  defect-type  TiSi2 
chimney-ladder  compounds.  In  previous  investigations  semi¬ 
conducting  Re  silicide  was  reported  to  have  the  composition 
ReSi2  and  to  crystallize  in  the  orthorhombic  structure.  In 
recent  work  [3]  the  structural  properties  of  semiconducting  Re 
silicide  were  reinvestigated,  it  was  found  that  the  stable 
composition  is  ReSi175  and  space  group  is  PI.  Higher 
manganese  silicide  MnSix  has  the  most  complicated  structure 
of  all  semiconducting  silicides.  For  x  in  the  range  between 
1.71  and  1.75  several  tetragonal  phases  exist  t4i,  all  of  them 
have  similar  tetragonal  cells.  They  are  composed  of  mangane¬ 
se-silicon  subcells  which  are  stacked  along  the  c-axis  yielding 
elementary  cells  of  different  size  and  chemical  composition. 

Electronic  structure 

Trends  in  electronic  structure 

The  principal  picture  of  the  electronic  structure  of  metallic 
silicides  derived  in  numerous  previous  theoretical  and  experi¬ 
mental  investigations  [5,6,7]  is  generally  also  valid  for  their 
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semiconducting  counterparts.  Main  attention  has  been  paid  to 
the  3d  transition  metal  silicides.  The  electronic  structure  of  the 
transition  metal  silicides  is  dominated  by  transition  metal  d 
states.  The  common  characteristics  of  the  valence  band  density 
of  states  of  the  silicides  are  non-bonding  d  states  near  the 
Fermi  energy  EF,  the  bonding  p-d  hybridized  states  which 
determine  the  stability  of  the  silicide  extending  to  about  6  eV 
below  Ep  and  the  Si  s  states  situated  about  10  to  14  eV  below 
Ef.  Compared  to  the  elemental  transition  metals  the  non¬ 
bonding  d  band  is  narrowed,  as  the  atomic  d  bands  are  driven 
farther  apart  and  the  hopping  integrals  decrease  due  to  the 
insertion  of  the  Si  atoms  in  the  crystal  lattice.  With  increasing 
atomic  number  Z  in  the  series  of  3d  transition  metals  the  d- 
derived  states  vary  substantially  appearing  first  as  broad  band 
of  mostly  empty  states  at  the  beginning  of  the  transition  metal 
row  to  a  narrow  band  of  fully  occupied  states.  Whereas  the 
occupied  d-derived  states  move  to  greater  binding  energy 
within  the  transition  metal  row,  the  antibonding  p-d  combina¬ 
tions  appear  mostly  above  Ep  and  their  energetic  position 
remains  nearly  invariant  in  the  series  of  3d  silicides.  The  Si  s- 
derived  states  overlap  relatively  little  with  the  Si  p  and  the 
metal  d  states  and  are  weakly  involved  in  chemical  bonding. 
The  calculations  have  shown  that  there  is  only  small  charge 
transfer  in  silicides,  usually  less  than  1  %  of  the  valence 
charge/atom.  This  means  that  ionicity  does  not  contribute  to 
bond  formation. 

Band  structure  studies  of  semiconducting  transition  metal 
silicides 

Electronic  structure  calculations  have  been  recently  carried  out 
for  the  disilicides  of  Cr,  Fe,  Os,  as  well  as  for  the  semicon¬ 
ducting  phase  of  Ru  silicide.  First  estimates  have  been  also 
carried  out  for  ReSij  75.  In  all  cases  the  semiconducting  nature 
of  these  compounds  could  be  theoretically  verified. 

Most  of  these  studies  were  concentrated  on  B-FeSi2.  Already 
in  the  first  calculations,  e.g.  [8l  the  nature  of  the  gap  was  one 
of  the  most  important  questions.  It  has  been  pointed  out  in  [8] 
that  the  gap  formation  in  8-FeSi2  is  related  to  a  Jahn-Teller- 
like  crystal-structure  deformation  of  the  fluorite-type  y-phase 
of  FeSi2.  A  particularly  strong  coupling  of  the  band  edge 
states  to  the  lattice  has  been  found  to  be  a  characteristic 
feature  of  B-FeSi2.  The  conduction  band  exhibits  two  energeti¬ 
cally  close  valleys  at  Y  and  around  the  A  points  of  the 
Brillouin  Zone  with  strongly  differing  electron  effective 
masses.  The  highest  valence  band  maximum  is  at  the  A  point, 
a  second  maximum  energetically  shifted  to  higher  binding 
energies  is  situated  at  the  Y  point.  Calculations  of  the  elec¬ 
tronic  structure  of  this  compound  performed  in  the  augmented 
plane  wave  (APW)  [91,  the  linear  muffin-tin  orbital  (LMTO) 
in  the  local  density  approximation  (LDA)  [8,10],  the  empirical 
tight-binding  scheme  [111  as  well  as  by  an  ab-initio  full- 
potential  linearized  APW  method  [12]  agree  that  the  nature  of 
the  lowest  gap  at  0.78  eV  is  rather  structure  sensitive.  A  slight 
decrease  in  the  nearest-neighbour  distance  induces  a  change  in 
the  gap  nature  from  indirect  into  direct.  A  second  direct  gap 
appears  at  the  Y  point  at  about  0.82  eV. 

Recently  the  electronic  structure  of  OsSi2,  which  is  isostruct- 
ural  to  B-FeSi2,  has  been  calculated  with  the  LMTO  method  in 


the  LDA  scheme  [131  The  conduction  band  minimum  has 
shifted  from  the  A  to  the  T  point  and  is  energetically  higher 
than  that  at  the  Y  point.  The  valence  band  has  extrema  at  the 
A  and  Y  points.  Thus,  this  material  is  an  indirect-gap  semi¬ 
conductor,  its  lowest  gap  value  is  0.95  eV.  A  second  direct 
gap  occurs  at  at  the  Y  point  which  amounts  to  1.14  eV.  For 
OsSi2  the  regions  of  bonding  Si-p  and  Os-d  states  and  non¬ 
bonding  metal  d  states  are  shifted  to  higher  energies  with 
respect  to  B-FeSi2.  This  is  probably  due  to  the  stronger 
overlap  of  Os  d  and  Si  p  functions  causing  a  greater  bon¬ 
ding/antibonding  splitting. 

Band  structure  calculations  for  hexagonal  CrSi2  carried  out  by 
LMTO,  LAPW,  and  ASW  methods  (for  references  see  [l!) 
agree  that  this  material  is  an  indirect  gap  semiconductor,  the 
theoretical  gap  values  range  between  0.21  and  0.38  eV.  The 
gap  occurs  between  the  valence  band  maximum  at  the  L  point 
and  the  conduction  band  minimum  at  the  M  point.  The  lowest 
direct  gap  values  range  between  0.37  and  0.48  eV,  this  gap 
occurs  at  the  M  point. 

All  previous  calculations  of  the  electronic  structure  of  ReSi2 
have  predicted  this  material  to  be  a  metal  with  very  high 
conductivity  [14],  This  theoretical  conclusion  is  possibly  due 
to  the  wrong  (tetragonal)  crystal  structure  used  in  the  calcula¬ 
tion  and  the  assumption  that  the  chemical  composition  is 
ReSi2.  When  considering  the  structural  refinement  results  for 
this  semiconductor,  i.e.  chemical  composition  ReSiI  75  and 
space  group  PI,  the  theoretical  studies  [15]  indeed  revealed 
semiconducting  indirect-gap  character,  with  gap  values  in 
correspondence  with  the  experimental  ones. 

First  band  structure  calculations  for  Ru2Si2  have  been  carried 
out  recently  by  several  groups  using  the  full-potential  lineari¬ 
zed  APW  method  [16]  and  the  LMTO  method  [17,18]  in  the 
LDA  approximation.  All  calculations  predict  a  direct  band-gap 
character  for  this  compound,  the  theoretical  gap  values  obtai¬ 
ned  range  between  0.40  and  0.46  eV. 

A  compilation  of  theoretical  gaps  together  with  gap  energies 
from  optical  and  elecrical  measurements  is  given  in  Table  1. 

Optical  interband  spectra 

One  of  the  most  powerful  methods  of  probing  the  electronic 
structure  of  semiconductors  are  optical  interband  investiga¬ 
tions.  We  have  performed  intensive  studies  of  the  optical 
interband  properties  of  semiconducting  silicides  over  a  broad 
energy  range  from  the  infrared  up  to  24  eV.  Fig.  1  shows  an 
overview  of  the  spectral  distribution  of  the  real  and  imaginary 
parts  of  the  dielectric  function  of  8-FeSi2  films.  The  spectra 
are  characterized  by  three  features  of  decreasing  intensity  with 
increasing  photon  energy:  the  first  most  intensive  one  occur¬ 
ring  between  1  and  2  eV,  the  second  one  at  about  4.5  eV,  and 
the  third  one  of  lowest  intensity  around  14.5  eV.  In  terms  of 
our  density  of  states  calculations  for  B-FeSi2  [10]  we  interpret 
these  structures  as  follows:  These  are  due  to  transitions  from 
the  valence  band  into  the  antibonding  conduction  band  states, 
the  first  one  starting  from  the  non-bonding  group  of  d  states, 
the  second  one  has  its  origin  in  optical  transitions  from  the 
group  of  bonding  states  distribution,  and  finally  the  weak 
structure  at  14.5  eV  arises  from  the  broad  distribution  of  Si  s 
states  not  involved  in  chemical  bonding. 
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Table  1 

Theoretical  and  experimental  energy  gaps  of  semiconducting  silicides  as  well  as  gap  nature.  Unless  indicated,  the  experimental 
gap  values  are  determined  from  optical  measurements. 


phase 

experimental  energy  gap 

type  of  gap,  expe- 

theoretical  energy 

type  of  gap,  theore- 

(eV) 

rimental 

gap  (eV) 

tical 

CrSi2 

0.35  [191 

indirect 

0.21-0.38 

indirect 

0.5  [19] 

direct 

(references  see  [l]) 

0.67  [20] 

indirect 

0.37-0.47 

direct 

0.9  [20] 

direct 

(references  see  [l]) 

0.27-0.35  !) 

0.42  !)  [21] 

MnSix 

0.45-0.47  [22,23] 

0.66  [24] 

0.78-0.83  [25l 

0.4-0.45  2) 

j}-FeSi2 

0.765  [10] 

indirect 

0.44  [28] 

indirect 

0.78  2)  [26] 

indirect 

0.742  [10] 

quasi-direct 

0.79  2)  [27] 

indirect 

0.78  [12] 

quasi-direct 

0.83-0.89, 

direct 

0.46  [28] 

direct 

most  probable  RT  direct 

0.8  [8] 

direct 

gap  value  0.87  eV,  for 

0.825  [10] 

direct 

references  see  [1] 

0.82  [12] 

direct 

Ru2Si3 

direct 

1.09  3)  [30] 

direct 

0.44  4)  [29] 

direct 

ReSi2 

0.12-0.15  [31] 

indirect 

indirect 

(ReSij  75) 

0.36  [31] 

0.16-0.2  !) 

second  gap  at  0.3  eV  !) 
[32] 

direct 

0.36  [14] 

direct 

OsSi 

0.34  [33] 

2.3  *)[33] 

OsSi2 

indirect 

direct 

Ir3Si5 

1.2  [35] 

1.57  [23] 

*)  Lowest  gap  values  obtained  from  electrical  measurements. 

2)  Egind  +  hvp,  the  energy  of  the  participating  phonon  is  hvp  =  35  meV  according  to  [101. 

3)  Low-temperature  modification,  obtained  from  electrical  measurements. 

4)  High-temperature  modification,  obtained  from  electrical  measurements. 

5)  Low-temperature  modification. 
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Fig.  1.  Overview  of  spectral  distribution  of  real  and  ima¬ 
ginary  parts  of  the  dielectric  function  up  to  24  eV  for  B-FeSi2 


Fig.  2  shows  the  degree  of  agreement  presently  achieved  for 
the  low-energy  range  up  to  5  eV  of  the  spectral  distribution  of 
optical  constants.  The  optical  spectra  have  been  calculated 
with  and  without  account  of  f  electrons  within  LDA  approxi¬ 
mation  by  using  the  semirelativistic  LMTO  method.  The 
experimental  spectra  were  determined  ellipsometrically  on 
epitaxial  B-FeSi2  films.  The  influence  of  the  f  electrons 
becomes  more  prominent  in  the  high-energy  region.  As  seen 
from  the  figure,  the  theoretical  spectra  reproduce  all  main 
features  of  the  experimental  spectra  and  even  finer  spectral 
details.  A  similarly  good  agreement  between  theoretical  and 
experimental  optical  spectra  in  has  been  obtained  for  semicon¬ 
ducting  Ru2Si3  [17]. 

In  Fig.  3  the  imaginary  parts  of  the  dielectric  function  are 
compared  for  the  semiconducting  transition  metal  silicides 
MnSir  CrSi2,  and  B-FeSi2  as  well  as  for  the  semiconducting 
5d  transition  metal  silicide  Ir3Si5.  A  close  resemblance  in  the 
spectra  for  the  silicides  in  the  3d  series  is  clearly  seen.  This 
resemblance  even  holds  for  Ir3Si5.  For  this  material  the  low- 
energy  features  are  shifted  to  higher  energies  compared  to  the 
3d  transition  metal  silicides.  This  is  in  correspondence  with 
the  stronger  bonding/antibonding  splitting  compared  to  3d 
silicides.  However,  the  position  of  the  s-like  states  not  invol¬ 
ved  in  chemical  bonding  is  approximately  the  same  in  the 
silicides.  The  optical  interband  spectra  for  the  5d  semiconduc¬ 
ting  Re  silicide  fit  into  this  general  trend. 

The  band  structure  calculations  have  revealed  a  dominant  d 
character  of  states  on  both  sides  of  the  gap.  Therefore  across- 
gap  oscillator  strengths  of  semiconducting  silicides  might  be 
orders  of  magnitude  smaller  than  e.g.  for  typical  zincblende- 
type  materials.  Therefore  optical  gap  and  gap  nature  determi¬ 
nations  by  extrapolating  the  relevant  information  from  power- 
law  plots  of  optical  data  might  become  problematic  for  semi¬ 
conducting  silicides  considering  that  usually  pronounced 
absorption  tails  exist  for  all  semiconducting  silicides,  even  for 
epitaxial  layers,  which  extend  far  into  the  interband  gap.  These 
could  mask  interband  features  having  a  low  oscillator  strength. 
This  has  been  shown  for  CrSi2  (see  [1])  and  is  also  observed 
for  Ru2Si3.  Care  has  also  to  be  taken  in  case  of  Mn  and  Ir 
silicides  in  assigning  the  gap  values  obtained  to  lowest  inter¬ 
band  gaps  in  these  materials. 


Fig.  2.  Experimental  e2  spectra  of  B-FeSi2  upto  5  eV  com¬ 
pared  with  theory  calculated  with  and  without  f  electrons 


Energy  (eV) 


Fig.  3.  Imaginary  parts  of  the  dielectric  function  at  high 
photon  energies  for  B-FeSi2,  CrSi2,  MnSix,  and  Ir3Si5 
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Electrical  properties 

The  study  of  the  electrical  properties  of  semiconducting 
silicides  was  a  main  research  activity  for  many  years  because 
of  the  possible  use  of  these  materials  in  thermoelectric  ap¬ 
plications.  Special  attention  has  been  paid  to  the  3d  transition 
metal  silicides.  Most  extensive  investigations  have  been 
carried  out  on  B-FeSi2.  Although  less  information  is  available 
for  the  other  semiconducting  silicides,  some  general  conclu¬ 
sions  can  be  drawn  for  the  whole  class  of  these  compounds. 
Not  intentionally  doped  semiconducting  silicides  are  usually  p- 
type  materials.  The  nature  of  the  defects  responsible  for  the  p- 
type  character  is  not  known.  A  conversion  to  n-type  is  possi¬ 
ble  by  the  addition  of  transition  metals  with  a  larger  number 
of  d  electrons  than  the  metal  they  replace.  This  has  been 
shown  for  B-FeSi2  and  Ru2Si3  by  adding  Co,  Ni,  Pt,  or  Pt,  or 
also  Rh,  Ir,  Ga,  P  in  the  latter  compound.  Mn,  Cr,  V,  and  Ti 
give  p-type  in  B-FeSi2  and  Ru2Si3  [36,37]  (see  also  [l]).  The 
activation  energies  of  most  n-  and  p-type  dopands  range 
between  0.05  and  0.14  eV.  In  some  cases  solubilities  of 
dopands  of  the  order  of  several  at%  were  found.  Occasionally 
n-type  conduction  is  observed  in  B-FeSi2  epitaxial  films  with 
Si  excess.  Around  room  temperature  acoustic  phonon  scatte¬ 
ring  seems  to  be  a  dominant  carrier  scattering  mechsnism  in 
many  semiconducting  silicides.  Low-temperature  scattering 
mechanisms  are  less  well  known. 

In  Table  2  a  summary  of  room  temperature  electrical  para¬ 
meters  is  given  for  films  and  single  crystals  of  semiconducting 
silicides.  The  data  for  polycrystalline  films  often  exhibit  a 
large  scatter  which  is  related  to  their  structural  quality. 

The  carrier  concentrations  are  relatively  high  even  in  epitaxial 
films  and  crystals.  They  usually  range  between  1018  and  1020 
cm"3.  Lowest  carrier  concentrations  of  1016  cm"3  have  been 
obtained  on  high-purity  single  crystals  of  B-FeSi2.  Maximum 
room  temeparture  mobilities  are  between  10  and  40  cm2/Vs 
for  B-FeSi2  epitaxial  films  and  crystals.  In  polycrystalline  films 
they  can  drop  to  <  1  cm2/Vs.  The  electron  to  hole  mobility 
ratio  is  much  less  than  unity,  i.e.  the  mobilities  of  electrons 
are  much  lower  than  those  of  holes.  Effective  masses  seem  to 
be  >  1  m0  for  most  semiconducting  silicides. 

We  have  performed  electron  paramagnetic  resonance  (EPR) 
measurements  on  B-FeSi2  single  crystals  doped  with  Co,  Ni, 
Mn,  or  Cr  in  order  to  get  insight  into  the  incorporation  of 
dopands  into  the  lattice  [38].  The  main  features  of  the  EFR 
spectra  could  be  explained  using  a  spin  Hamiltonian  with 
electronic  spin  1/2.  From  the  good  agreement  achieved  bet¬ 
ween  measured  and  simulated  hyperfine  structures  which 
reflect  the  interaction  of  dopands  with  the  lattice,  it  is  con¬ 
cluded  that  all  transition  metal  dopands  replace  Fe  in  different 
amounts  on  its  two  non-equivalent  lattice  sites.  The  electron 
spin  1/2  indicates  that  the  impurity  states  are  occupied  by  an 
electron  for  Ni  and  Co,  and  by  a  hole  for  Mn  and  Cr. 
Recently,  quite  interesting  new  results  were  obtained  on  the 
electrical  and  thermoelectrical  properties  of  undoped  B-FeSi2 
single  crystals  grown  under  high-purity  conditions  wih  5N  Fe 
and  Si,  both  electrical  resistivity  and  thermopower  were  found 
to  depend  on  the  composition  within  the  homogeneity  range  of 
B-FeSi2  [51].  In  both  doped  and  undoped  B-FeSi2  the  elec¬ 
trical  resistivity  shown  in  Fig.  4  reveals  a  thermally  activated 


behaviour  being  typical  for  extrinsic  semiconductors.  We 
obtained  an  activation  energy  of  40-60  meV  for  Co  dopand, 
about  80  meV  for  Cr,  ca.  50  meV  for  Mn,  and  between  about 
60  and  95  meV  for  Ni  dopand.  At  temperatures  below  100  K 
impurity-related  hopping  processes  play  the  dominant  role  in 
electrical  transport  of  B-FeSi2,  characterized  by  ln(p)  -  T'1/n 
power  laws  with  n  =  2  or  4.  A  further  indication  of  hopping 
transport  at  low  temperatures  is  the  occurrence  of  a  negative 
magnetoresistance  which  is  related  to  quantum  interferences 
between  multiple  carrier  paths  being  possible  for  a  carrier 
which  will  hop  from  one  site  to  another  one. 

In  n-type  B-FeSi2  only  very  low  Hall  voltages  can  be  measu¬ 
red.  A  typical  temperature  dependence  of  the  Hall  coefficient 
Rh  of  an  undoped  p-type  thin  layer  on  high-resistivity  n-type 
Si  substrate  is  shown  in  Fig.  5.  With  decreasing  temperature 
the  Hall  coefficient  strongly  decreases  and  changes  sign 
between  200  and  300  K.  Since  a  change  of  sign  is  not  expec¬ 
ted  in  a  homogeneous  semiconductor,  this  is  suggested  to  be 
due  to  the  strongly  temperature-dependent  influence  of  the 
substrate  caused  by  the  nonideal  p-n  junction  between  p-type 
layer  and  n-type  substrate  at  higher  temperatures,  as  demon¬ 
strated  by  the  reverse  I-U  characteristics  in  the  insert  of  Fig.  5. 
Hole  concentrations  (p)  and  hole  mobilities  (ja)  derived  from 
the  Rh  data  for  layers  on  Si  substrates  correspond  to  true  p 
and  p  values  only  between  the  transition  from  impurity  to 
valence  band  conduction  (about  100  K)  and  the  range  without 
disturbing  influence  of  the  substrate  (i.e.  about  250  K).  In  Fig. 
6  the  temperature  dependences  of  Hall  mobilities  are  shown 
for  thin  film  and  crystal.  Between  RT  and  100  K  the  tempera¬ 
ture  dependence  can  be  approximated  by  a  power  law,  TD. 
Typical  n  values  for  films  range  between  1.5  and  1.8;  a  higher 
vaue  of  n  =  2.15  was  obtained  for  the  hydrogen-treated  film. 
The  n  values  for  crystals  are  found  to  be  strongly  dependent 
on  the  purity  of  the  starting  material  and  the  optimization  of 
the  growth  process  [52].  In  a  first  theoretical  attempt  to 
simulate  the  temperature  dependence  of  mobility  scattering  by 
acoustic  and  non-polar  optical  phonon  modes  as  well  as 
scattering  by  neutral  impurities  were  found  to  be  main  scatte¬ 
ring  mechanisms,  whereas  polar  optical  phonon  scattering  was 
considered  to  be  negligible  [53].  Extrapolated  RT  values  for 
layers  range  between  0.5  and  2  cm2/Vs.  Literature  also  reports 
room  temperature  mobilities  of  100  cm2/Vs  or  higher  for 
polycrystalline  layers  on  Si,  e.g.  [2l\  which  are  much  higher 
than  those  of  well  grown  crystals  ranging  between  20  and  40 
cm2/Vs.  Considering  the  data  presented  in  Fig.  5,  this  is 
probably  due  to  the  leakiness  of  the  silicide/Si  p-n  hetero¬ 
junction  and  indicates  the  substrate  influence. 

A  Hall  voltage  in  p-type  samples  was  observed  down  to  the 
lowest  temperatures  in  all  thin  films  and  single  crystals  in¬ 
vestigated.  In  [54]  on  the  basis  of  an  analysis  of  characteristic 
hopping  temperatures  a  metallic  character  of  impurity  bands  in 
most  doped  crystals  was  deduced.  The  Hall  voltage  often 
reveals  a  nonlinear  dependence  on  the  strength  of  the  magnetic 
induction  at  low  temperatures  which  is  most  pronounced  near 
B  =  0  (see  Fig.  7).  This  prevents  reliable  Hall  data  analysis 
below  a  threshold  temperature  which  amounts  to  50-150  K 
depending  on  the  individual  sample.  In  [56]  even  a  hysteresis 
effect  has  been  found  at  low  temperatures  in  doped  crystals. 
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Table  2 


Room  temperature  electrical  parameters  for  non-intentionally  doped  semiconducting  silicides  (thin  films  and  bulk  material). 


phase 

resistivity 

(Qcm) 

hole  mobility 
(cm2/Vs) 

electron  to 
hole  mobility 
ratio  b 

hole  concentration 
(cm'3) 

effective  hole 
mass  (m0) 

CrSi2 

1c:  0.14  l) 
lc:  0.073  *) 

(39] 

0.01-0.07  2) 

[40] 

0.02  3)  [21] 

Be:  9.2  l) 

lc:  18  *) 

[39] 

7-18  2) 

[40] 

2980  3)  [21] 

0.01  !) 

[39] 

6-8xl020  *)  [39] 
6xl019  -2xl018, 
see  [21] 

l.lxlO17  3)  [21  ] 

Be:  5  !) 
lc:  3  *) 

[39] 

MnSix 

0.004  [41] 

0.013  [42] 

Be:  0.0055 
lc:  0.001 
[44] 

1.5  [41] 

0.7  [42] 

||c:  0.45 
lc:  2.9 
[44] 

jiHl 

7.1xl020  [42] 

1.8-2.3xl021  [41] 
2.1xl021  [44] 

12  [43] 

||c:  15 
lc:  11 
[44] 

p-FeSi2 

0.1-1  *)  [45] 

0.01-1  2) 

[26,27] 

10-40  l)  [45] 

1-10  2)  [26] 

90-120  2) 

[26,27] 

0.1  !)  [45] 

1  *)  [45] 

Ru2Si3 

ca.  0.01  [46] 

0.07  [46] 

lxlO18  [46] 

7.5  [46] 

ReSij 

(ReSi2) 

0.004-0.008  *) 

[32] 

0.003-0.01  2) 

[48] 

370  J)  [3] 

9 2)  [32] 

50 2)  [47] 

150  4)  [47] 

4xl018  *)  [31 

3.9xl019  2)  [32] 
3xl018  2)  [47] 
4xl017  4)  [47] 

Ir3Si5 

0.1-0.01  2)  [49] 
6xl0'4  *)  [50] 

2.4  2)  [35] 

>102°  2)  [49] 

3.9xl017  2)  [35] 

*)  Data  for  single  crystals. 

2)  Data  for  polycrystalline  layers. 

3)  Data  for  epitaxial  A-type  layers  on  Si(lll). 

4)  After  annealing  in  hydrogen  atmosphere  at  850  °C. 


1  /  T  [1  /  K] 

Fig.  4.  Temperature  dependence  of  resistivity  of  non-inten¬ 
tionally  doped  (LI  13a)  and  Co-doped  B-FeSi2  layers  (LI  12b) 
and  Co-doped  B-FeSi2  single  crystals  (Cr-Co5) 


T/K 


Fig.  5.  Temperature  dependence  of  Hall  coefficient  tor  a 
nonintentionally  doped  layer  on  5  k£2cm  Si  substrate.  The 
insert  presents  the  temperature  dependence  of  the  reverse 
current- voltage  characterises  of  the  silicide/Si  p-n  hetero¬ 
junction 
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Fig.  6.  Logarithmic  representation  of  the  apparent  Hall 
mobility  of  untreated  (LI  13a)  and  hydrogen-treated  (LI  13b) 
layers  and  a  Cr-doped  crystal  (Cr-W2).  The  slopes  of  tempera¬ 
ture  dependences  are  indicated. 


Fig.  7.  Dependence  of  Hall  resistivity  on  strength  of  magnetic 
induction  for  a  B-FeSi2  layer  at  different  temperatures.  With 
decreasing  temperature  a  contribution  from  the  anomalous  Hall 
effect  arises. 


The  cause  of  the  anomalous  Hall  effect  is  not  quite  clear. 
There  are  no  hints  on  a  magnetic  phase  transition  from  EPR 
[38]  or  magnetization  measurements  [45l  Our  recent  investi¬ 
gations  suggest  that  this  phenomenon  has  an  extrinsic  origin 
and  is  due  to  deviations  from  the  ideal  crystal  structure  of  B- 
FeSi2- 

The  temperature  dependence  of  thermopower  of  doped  B-FeSi2 
single  crystals  is  shown  in  Fig.  8.  Independent  of  the  doping 
element  and  of  the  conductivity  type  there  is  a  strong  increase 
of  thermopower  from  70  to  150  K  which  can  be  described  by 
a  Tn  power  law  with  n  =  6.  Also  the  temperature  dependence 
of  thermopower  below  300  K  is  similar  in  most  samples  and 


Fig.  8.  Absolute  value  of  the  thermopower  of  doped  B-FeSi: 
crystals  between  4  and  1000  K. 


is  given  by  an  exponent  -0.9  which  is  also  found  in  undoped 
crystals.  The  low  temperature  maximum  therefore  seems  to  be 
a  common  characteristic  of  B-FeSi2  crystals.  Maximum  ther¬ 
mopowers  of  2000  pV/K  are  attained.  These  large  values  of 
thermopower  cannot  be  explained  by  a  usual  diffusion  thermo¬ 
power.  Phonon  drag  effects  play  an  important  role.  As  seen 
from  Fig.  8,  the  most  pronounced  maximum  was  found  in  Co¬ 
doped  crystals  with  0.5  at%  Co  grown  with  high-purity  (5N) 
Fe.  At  temperatures  above  300  K  the  thermopower  remains 
approximately  constant  until  the  onset  of  intrinsic  conduction 
at  400  K  in  undoped  and  about  600  K  in  doped  single  crystals 
(see  Fig.  8). 


Fig.  9.  Thermopower  of  undoped  and  cobalt-doped  B-FeSi2 
single  single  crystals  versus  temperature. 


273 


16th  International  Conference  on  Thermoelectrics  (1997) 


Conclusion 

From  recent  investigations  much  information  has  been  obtai¬ 
ned  on  the  electronic  structure  and  electrical  properties  of 
semiconducting  silicides.  For  B-FeS^  it  could  be  shown  that 
crystal  growth  under  high-purity  and  controlled-doping  condi¬ 
tions  provides  deeper  insight  into  the  electrical  and  thermoe¬ 
lectrical  properties  of  this  material. 
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Abstract 

Efficient,  inexpensive  and  non-toxic  thermoelectric 
elements  such  as  silicides  should  be  developed  aiming  large 
scale  application  such  as  recovering  the  combustion  heat  of 
municipal  solid  waste,  of  which  the  characteristics  are 
greatly  fitted  for  thermoelectric  power  generation.  This 
paper  introduces  the  characterization  and  thermoelectric 
properties  of  undoped  and  doped  n-type  Magnesium  Silicide 
processed  by  powdered  elements  spark  plasma  sintering 
method.  The  patterns  by  powder  X-ray  diffiactometry 
showed  that  it  had  typical  polycrystalline  phase  successfully. 
Temperature  dependence  of  thermoelectric  properties  such 
as  the  Seebeck  coefficient  and  electrical  conductivity  were 
measured  for  the  temperature  range  from  300  K  to  773  K. 
As  a  result,  power  factor  value  6.0xl0'4  (W/mK2)  was 
obtained  at  773  K  for  a  doped  sample. 

Introduction 

Efficient,  inexpensive  and  non-toxic  thermoelectric 
elements  such  as  silicides  should  be  developed  aiming  large 
scale  application  of  thermoelectric  power  generation 
systems  to  recover  various  kinds  of  rejected  heat  such  as 
combustion  heat  of  municipal  solid  waste. 

Intermetalic  magnesium  compounds  and  their  solid 
solutions  have  been  known  as  the  potentially  promising 
thermoelectric  elements  ( 1 ,2}  . 

Recently  a  spark  plasma  sintering  method  has  been 
attracted  as  the  new  and  interesting  method  because  it  can 
be  said  that  the  diffusion  velocity  becomes  extremely  large 


even  at  the  low  temperature  due  to  pulsed  electric  field 
superposed  on  D  C..  It  suggests  that  this  peculiar  property 
of  the  spark  plasma  sintering  method  can  allow  the  alloying 
and  sintering  formation  of  thermoelectric  element  started 
from  the  mixture  of  powdered  elements  at  the  same  time  for 
the  elements  of  high  vapor  pressure  around  the  melting 
point  such  as  magnesium. 

This  paper  presents  the  thermoelectric  properties  of 
undoped  and  doped  n-type  Magnesium  Silicide  elements 
processed  by  the  powdered  elements  spark  plasma  sintering 
method  combined  with  hot-pressed  sintering  method  in 
order  to  establish  the  improved  thermoelectric  elements  for 
the  medium  temperature  range  from  400K  to  800K. 

Experiment 

Sample  preparation 

Mg(4N,3-5mm  chunk)  and  Si  (5N,300mesh  powder)  were 
mixed  for  the  mole  fraction  of  two  to  one  as  the  starting 
mixture.  In  the  case  of  doped  alloy  the  required  amount  of 
Antimony(Sb,4N  lOOmesh  powder)  as  the  n-type  dopant 
was  mixed  with  the  starting  mixture.  The  starting  mixture 
was  processed  in  the  graphite  die  (50  mm  I.D  or  20  mm  I.D 
x  20  mm  in  effective  length)  by  the  spark  plasma  sintering 
process,  which  had  been  developed  to  sinter  the  metal 
powder  for  short  time  initially  C3]  .  For  this  process  it  can 
be  said  that  the  diffusion  constant  affected  by  the  pulsed 
electric  field  was  several  tens  to  hundreds  times  of  the 
standard  value  C3)  .  The  conceptual  configuration  of  the 
spark  plasma  sintering  apparatus  is  shown  in  Fig.l.  The 
thermoelectric  elements  were  made  under  the  processing 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


275 


16th  International  Conference  on  Thermoelectrics  (1997) 


flow  chart  as  shown  in  Fig.2.  In  the  case  of  Sb-doped 
thermoelectric  elements  there  were  many  micro-cracks. 


Fig.1.  Spark  Plasma  Sintering  System 
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Fig.2.  Processing  flow  chart 


Table  1.  Sintering  conditions 


Pressure  Sintering  Temp.  Key 


element.  The  sintering  conditions  are  shown  in  Table  1. 
The  atmosphere  for  a  spark  plasma  sintering  was  in  vacuum, 
and  for  a  hot-pressed  was  in  Argon  at  0.103MPa.  The 
amount  of  dopant  were  0.3mol%  and  0.6mol%  of 
Antimony. 

Characterization 

The  characterizations  of  the  samples  were  analyzed  with 
SEM,  powder  X-ray  diffractometry  (XRD)  and  Electron 
probe  microanalysis  (EPMA).  The  density  of  the  samples 
measured  by  Aruchimedes’  principle  and  the  calculation  of 
the  volume  and  measure  weight  was  almost  100%  of 
theoretical  value  (d=2.002  g/cm3)  for  the  sample  of  more 
than  1073K  in  sintering  temperature.  SEM  images  showed 
that  the  sintered  sample  of  973  K  in  sintering  temperature 
had  a  lot  of  small  pores  ,  but  for  the  samples  of  more  than 
1073K  polyciystalline  phase  was  established  and  the  micro 
superstructures  due  to  lattice  defects  were  also  grown.  The 
results  of  XRD  for  every  sintering  temperature  showed  the 
structure  had  typical  polycrystalline  and  mono-Mg2Si  phase 
simply.  The  XRD  patterns  for  several  points  verified  the 
samples  were  homogeneous. 

Although  the  undoped  Mg2Si  samples  didn’t  have  any 
micro-cracks,  all  of  the  doped  samples  had  many  micro¬ 
cracks  in  spite  of  the  same  processing.  Hence,  in  these  cases 
the  samples  were  re-sintered  by  the  hot-pressed  sintering 
after  pulverized. 

The  EPMA  clarified  that  mean  weight  fractions  of  the 
samples  were  Mg:Si:Sb=0. 63 1:0.363:0.006  as  compared 
with  the  theoretical  fractions  =0.628:0.363:0.009.  In 
consideration  of  the  accuracy  of  EPMA  the  fraction  of 
antimony  was  estimated  to  be  included  well  in  Mg2Si  alloy 
partially  replacing  to  silicon  site. 


20  MPa 


24  MPa 


973  K  MgSil 

1073  K  MgSi2 

1098  K  Mg$i3 

1103  K  MgSi4 

1 1 73  K*  MgSi+Sb0.6mol% 


*  Hot-press  sintering  after  spark  plasma 
sintering  at1103K 


Hence,  it  was  hot-pressed  again  to  form  the  thermoelectric 


Results  and  Discussion 

The  temperature  dependence  of  the  Seebeck  coefficient  is 
shown  in  Fig.  3  for  various  sintering  temperature  as  a 
processing  parameter  at  the  constant  pressure  (20MPa).  All 
samples  show  n-type  semiconductor.  The  characteristics  are 
peculiar  for  semiconductor,  for  which  the  Seebeck 
coefficient  has  a  peak  and  decreases  for  high  temperature 
region  because  the  electrical  conductivity  increases  with 
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temperature.  The  behavior  of  0.6mol%  Sb  doped  element 
seems  to  be  different  from  others,  because  for  low 
temperature  the  behavior  is  similar  to  others  as  the 
semiconductor  and  for  high  temperature  range  the 
scattering  effect  is  dominant  to  affect  the  behavior  as  shown 
in  the  characteristics  of  electrical  conductivity. 


Fig.3.  Temperature  dependence 
of  Seebeck  coefficient 


0  12  3  4 


Temperature  103/T  [1/K] 

Fig.4.  Temperature  dependence  of 
electrical  resistivity 


300  400  500  600  700  800 

Temperature  [K] 

Fig.5.  Temperature  dependence 
of  power  factor 

The  relationship  between  (log  p)  and  (103/T)  is  shown  in 
Fig.4,  where  p  is  electrical  resistivity.  The  doping  effect 
is  clear.  The  value  for  doped  sample  is  higher  than  these  of 
undoped  samples  by  two  orders.  Assuming  one  antimony 
element  supplies  one  carrier  to  the  thermoelectric  element, 
theoretical  carrier  concentration  for  0.6mol%  of  Sb  is 
1.62xl026  m'3  and  the  measured  value  is  1.6xl026m‘3.  It  can 
be  said  that  Sb  behaves  as  dopant  well  in  the  samples. 

For  0.6mol%  of  Sb  doped  sample  the  band  gap  is  estimated 
about  0.7eV  in  terms  of  the  relationship  p  and  1/T  for 
intrinsic  region  as  compared  with  0.65eV  for  the  single 
crystal  C4}  . 

The  temperature  dependence  of  the  power  factor  (a2  O’)  is 
shown  in  Fig.5  as  the  results  form  the  Seebeck  coefficient 
a  and  electrical  conductivity  <7.  For  0.6mol%  Sb  doped 
samples  the  value  is  increasing  with  temperature.  At  773  K 
the  power  factor  is  obtained  6.0xl0'4  W/mK2  in  maximum. 
The  results  from  measured  Hall  coefficient  at  room 
temperature  are  summarized  in  Table  2.  Hall  mobility  for 
undoped  and  0.6mol%Sb  doped  Mg^Si  is  41.5  cm2/Vs  and 
34. 1  cm2/ Vs  respectively.  The  carrier  concentration  for  each 
case  1.4xl024m'3  and  1.6xl026m'3  respectively.  The 
temperature  dependence  of  Hall  mobility  is  shown  in  Fig.6. 
The  behavior  was  obtained  to  be  almost  flat  and  slightly 
decreased  with  temperature.  Generally,  mobility  P-  is 
represented  as  //oct  r'3/2  where  r  is  scattering  factor.  As 


277 


16th  International  Conference  on  Thermoelectrics  (1997) 


shown  in  Fig.6  the  approximated  equation  of  the  Hall 
mobility  is  represented//  =0. 1 106T°  5438  ,so  that  scattering 
factor  is  about  l.O.The  charged  impurity  scattering  and  the 
neutral  impurity  scattering  represent  r=3/2  and  r=0 
respectively  C5]  .  Hence,  the  behavior  suggests  that  the 
scattering  mechanism  is  due  to  the  combined  mechanism 
with  the  charged  impurity  scattering  and  neutral  impurity 
scattering. 

Table  2.  Summary  of  Thermoelectric 
Properties 


Mg2Si  Sintering 

Temp.(K) 

Density 

(g/cm3) 

Hall  Coef. 
(m3/C) 

Carrier 

Con.(m'3) 

Mobility 

(m2/Vs) 

Undoped  1103 

2.0 

-4.4x1  O’* 

1.4x1024 

4.1x1  O'3 

0.3mol%Sb  1173 

1.85 

-3.5x1 0'7 

1.8x102S 

0.7x10 3 

0.6mol%Sb  1173 

1.88 

-3.9x1  O'8 

1.6x1028 

3.4x10  3 

3.000E-02 


2.500E-02 


2.000E-02 
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Fig.6  Temperature  dependence  of  Hall  mobility 


MgSH-Sb0.6mot% 

r\  j  *  /\p  ”0.5438 
y  =  0.1 106x 


Conclusions 

In  conclusion,  the  powdered  elements  spark  plasma 
sintering  method  was  successfully  introduced  to  make 
undoped  and  doped  magnesium  silicide.  The  temperature 
dependence  of  the  Seebeck  coefficient,  electrical  resistivity, 
power  factor  and  Hall  coefficient  was  investigated.  The 
power  factor  was  obtained  6. Oxl O'4  W/mK2  at  773K  for 
0.6mol%  Sb  doped  Mg2Si  element,  while  the  value  for 
undoped  element  was  2.5xl0'4  W/mK2  at  540  K.  According 
to  the  Hall  coefficient  measurement,  the  carrier 
concentration  should  be  optimized  to  give  the  maximum 
power  factor  based  on  Ioffe's  theory  as  the  further  research. 

Acknowledgments 

We  express  our  gratitude  to  Dr.  I.A.Nishida,  National 
Research  Institute  for  Metals,  Prof.Y.Noda  ,Tohoku 
University  and  Dr.  M.  Sakata, Emeritus  Prof,  of  Keio  Univ. 
for  continuous  support  and  encouragement.  We  appreciate 
Mr.  K.Shiraishi' s  effort,  SIT  for  assistance  of  our  research. 

This  research  is  carried  out  in  the  research  project  “Physics 
and  Chemistry  of  Functionally  Graded  Materials”  under  the 
leadership  of  Prof.  T.Hirai  supported  by  Ministry  of 
Education  and  Culture. 

References 

1. C.B.Vining, Thermoelectric  Properties  of  Siiicides,  CRC 
Handbook  of  Thermeoelctrics, 277-283(1995) 

2. Hiroyuki  Kon  ,Y.Noda  et  al,  Temperature  Dependence 
of  Thermoelectric  Properties  of  Mg2Sio.6Ge0.4,  J.of  Japan 
Inst.  Metals  55,9,1018-1022(1991) 

3.  M.Ishiyama, Plasma  Activated  Sintering  System,  Proc.  of 
1993  powder  Metallurgy  World  Congress, 93 1-934(1991) 

4.  R.J.LaBotz,  D.R.Mason,  D.F.O'Kane,The  Thermoelectric 
Properties  of  Mixed  Crystals  of  Mg2GexSii.x,  J.  of  The 
Electrochem.Soc.  127-134(1963) 

5 .  Y.  Suge,Thermoelectric  Semiconductor, Makishoten( 1 966) 


278 


16th  International  Conference  on  Thermoelectrics  (1997) 


Temperature  dependence  of  thermal  conductivity  for  Mg2Si1  xGex  solid  solution 

Hiromasa  T.  Kaibe*,  Yasutoshi  Noda**,  Yukihiro  Isoda***  and  Isao  A.  Nishida*** 

*Dept.  Electronics  and  Information  Eng.,  Tokyo  Metropolitan  University,  Hachioji,  Tokyo  192-03,  Japan 
Tel:  +8 1/426/77/1  lll(ext.4463),  Fax:+8 1/426/77/275  6,  E-mail:  kaibe@eei.metro-u.ac.jp 

**Dept.  Materials  Science,  Fac.  of  Engineering,  Tohoku  University,  Sendai  980,  Japan 
Tel:  +81/22/217/7328,  Fax:+8 1/22/2 17/7328,  E-mail:  nodayasu@material.tohoku.ac.jp 

♦♦♦National  Research  Institute  for  Metals, STA,  Ibaraki  305,  Japan 
Tel.:  +81/298/59/2637,  Fax:+8 1/298/5 9/2601,  E-mail:  isoda@nrim.go.jp,  albert@nrim.go.jp 


Abstract 

Thermal  conductivity  of  H-type  Mg2Si0  6Ge0  4  doped  with 
8000ppm  of  Sb  were  measured  over  the  temperature  range  from 
80  to  350  K.  The  measurement  was  carried  out  by  a  comparative 
static  method  using  transparent  quartz  as  a  reference  specimen. 

The  carrier  concentration  at  300  K  was  6.25  *1025  nr3  deter¬ 
mined  from  Hall  measurement.  The  Hall  coefficient  was  almost 
constant  over  the  whole  temperature  range,  which  indicates  the 
degenerate  state  of  electrons.  Then,  k  was  separated  into 
two  components  of  phonon  Kph  and  electron  Kel  on  the  basis  of 
Wiedemann-Franz  law.  Assuming  that  Lorenz  number  is  2.44  X 
10‘8  V2/K2  which  is  a  value  for  a  metal  and  using  values  of  the 
electrical  conductivity  cr,  it  was  found  that  Kph  has  a  tempera¬ 
ture  dependence  proportional  to  T  ’ 1/2  and  that  point  defects  re¬ 
lated  to  the  mass  difference  between  Si  and  Ge  is  predominant 
for  the  phonon  conduction. 

Introduction 

The  II2-IV  solid  solution  semiconductor,  such  as  Mg2SiGe 
and  Mg2SiSn  have  been  expected  as  a  candidate  material  for 
thermoelectric  energy  conversion  in  a  middle  temperature  range 
between  500  and  800  K  [1-5].  In  order  to  evaluate  the  thermoelec¬ 
tric  figure  of  merit  Z,  the  thermoelectric  properties  and  thermal 
conductivities  up  to  573  K  were  measured  for  the  undoped 
samples  [6].  The  phonon  component  of  Kph  for  Mg2SixGe1  xhas  a 
minimum  value  at  around  x=0.6  [6].  It  is  widely  recognized  that 
optimum  carrier  concentration  must  be  about  1025  m'3.  However, 
no  heavily  doped  H2-IV  compounds  were  used  for  middle-tem¬ 
perature  energy  conversion.  In  the  author’s  previous  study,  the 
thermoelectric  properties  were  investigated  for  the  impurity 
doped  h-  and p- type  Mg^/Je^  at  300  K  [3][4].  Their  Z  val¬ 
ues  were  smaller  than  those  of  PbTe,  which  is  the  most  effi¬ 
cient  material  as  the  current  thermoelectric  generator. 
Mg2Si06Si04  has,  however,  favorable  semiconductive  proper¬ 
ties  such  as  large  effective  mass  m*  ,  small  Kph  and  larger  en¬ 
ergy  gap  than  that  of  PbTe.  Furthermore,  the  temperature  de¬ 
pendence  of  thermoelectric  properties  was  also  investigated 


for  Sb-doped  w-type  and  the  Ag-doped p-type  ones  [3,5].  Those 
Zhave  their  maximum  value  around  650  K  for  both  specimens. 
Especially  for  p-type  one,  a  maximum  ZT-value  amounts  to  1 .68 
at  629  K.  However,  those  estimation  used  the  rvalue  at  room 
temperature  and  temperature  dependence  of  k  was  calculated 
on  the  basis  of  Wiedemann-Franz  law  with  a  and  Kph  propor¬ 
tional  to  T  *1/2 

The  purpose  of  this  study  is  to  verify  the  temperature  de¬ 
pendence  of  Kph  for  H-type  Mg2Si06Ge  0  4  heavily  doped  with 
Sb.  Then,  a:  as  well  as  other  thermoelectric  parameters  for  the 
unidirectional  solidified  w-type  Mg2Si0  6Ge  0  4  dope  with  Sb  of 
8000  ppm  were  investigated  as  a  function  of  temperature  be¬ 
low  room  temperature. 


Experimental  procedure 

Preparation  of  H-type  M^S^  6GeQ  4  doped  with  Sb  of  8000  ppm 

The  N-type  Mg2Si06Ge0  4  doped  with  Sb  of  8000  ppm  was 
prepared  by  direct  melting  of  constituent  elements  of 
Mg(nominal  purity,  99.9%),  Si(99.9999%)  ,Ge(99.9999%)  and 
Sb(99.999%).  The  crucible  was  made  of  graphite(0.1%  ash, 
Tokai  Carbon  Ltd., No.  G150).  The  dimensions  of  the  crucible 
were  10mm  in  dia.  and  50  mm  in  length  with  a  cone  shaped 
bottom.  The  pressure  inside  the  reaction  furnace  was  0.2  MPa 
of  Ar  (99.999%). 

Prior  to  use,  the  crucible  was  heated  at  1400  K  in  the  stream 
of  0.1  MPa  Ar  in  order  to  remove  volatile  impurities.  The 
Mg2Si06Ge04  solid  solutions  was  synthesized  at  1380  K  which 
was  about  20  K  higher  than  the  melting  point  of  1360  K.  The 
temperature  gradient  was  about  1  OK/cm  from  top  to  bottom  of 
the  crucible  for  the  purpose  of  the  unidirectional  solidifica¬ 
tion.  On  cooling,  the  samples  were  kept  at  1300  K  for  3.3  h  to 
homogenize  the  components  and  impurity  elements  and  to  pro¬ 
ceed  the  grain  growth. 

The  boiling  point  of  Mg  under  0.2  MPa  Ar  was  estimated 
to  be  1452  K  using  Clausius-Clapeyron’s  equation.  The  syn¬ 
thesis  temperature  was  kept  below  the  boiling  point,  which 
would  be  effective  to  surpress  the  evaporation  of  Mg.  In  order 
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Figurel  Magnified  photograph  of  a  sample  holder  in  the 
cryostat :  1  cupper  spacer  ;  2  specimen  ;  3  refer¬ 
ence  (Si02) ;  4  sub-heater ;  5  main  heater  ;  6  heat 
sink ;  7  screw. 

to  avoid  the  reaction  between  the  graphite  crucible  and  con¬ 
stituent  elements,  the  synthesis  was  carried  out  under  the  pres¬ 
ence  of  NaCl.  The  boules  obtained  were  analyzed  by  EPMA 
and  identified  by  X-ray  diffraction  as  a  single  phase  of  the  anti- 
fluorite  type  structure. 

Measurements  of  thermoelectric  parameters 

The  measurement  of  k  was  carried  out  by  the  comparative 
static  method  using  transparent  quartz  (Si02)  as  a  reference  in 
a  low  temperature  cryostat.  Figure  1  is  a  magnified  photograph 
of  the  sample  holdre  of  the  cryostat.  In  case  of  Fig.l,  the  metal 
cap  of  the  sample  holder  is  taken  off.  For  the  measurement  of 
k  and  thermoelectric  power  a  for  w-type  Mg2Si06Ge0  4  doped 
with  Sb  of  8000  ppm,  the  cubic  shaped  specimen  was  cut  out 
of  the  as-grown  boule.  The  Si02  with  a  cubic  shape  of  4><4><4 
mm3  was  also  prepared.  The  comparative  method  determines  k 
of  a  material  with  respect  to  that  of  a  suitable  reference  mate¬ 
rial.  k  of  the  reference  is  required  to  be  comparatively  close 
to  that  of  a  material  to  be  measured.  This  is  the  reason  why 
Si02  was  selected  as  a  reference  material  in  this  case.  A  sub¬ 
heater,  reference  and  the  specimen  were  arranged  vertically  as 
shown  in  Fig.  1.  They  are  rigidly  fixed  using  a  screw  with  a  tip 
made  of  bakelite.  In  this  apparatus  the  specimen  is  separated  by 
copper  spacers  from  a  standard  specimen  and  the  sub-heater. 
Each  of  three  copper  spacers  has  5x5  mm2  in  area  and  1  mm  in 
thickness  and  has  a  hole  with  0.5mm  in  dia.  and  2.5  mm  in  length 


at  the  side.  A  junction  of  T-type  thermocouple  with  76pm  in 
dia.  was  attached  both  thermally  and  electrically  at  the  bottom 
of  the  hole  by  soldering  .  The  temperature  differences  were 
given  by  passing  electric  current  through  the  sub  heater.  The 
heater  consists  of  a  cupper  bobbin  with  dimennsions  of  5x5 
mm2  in  cross  section  and  10  mm  in  length,  and  a  constantan 
wire  with  0.1  mm  in  dia  wounded  around  the  bobbin.  They  are 
electrically  isolated  by  the  teflon  film.  The  resistance  of  the 
constantan  wire  as  heater  element  is  10  Q.  Good  thermal  con¬ 
tact  is  obtained  by  polishing  flatly  the  components  of  the  stack 
and  using  silicon  grease  to  reduce  contact  resistance.  Radia¬ 
tion  losses  are  reduced  by  polishing  the  surface  of  the  copper 
spacers  in  ordrd  to  reduce  their  emissivities  . 

The  heat  flow  is  determined  by  measuring  the  difference  in 
temperature  across  the  standard  specimen.  If  the  ratio  of  the 
length  to  cross  sections  US  are  given  for  both  reference  and 
specimen  as  (US)nf  and  (HS)sp,  then  the  thermal  conductivity  k 
is  calculated  from  equation  (1). 


(ap/at)sp(i/s),p 
K  K"f  (ap / at) nf  (// s)re/ 


(1) 


where  Kref  is  the  thermal  conductivity  of  the  reference  and 
(. API  AT )nf  and  (API AT)  ^are  power  required  to  give  IK  of  tem¬ 
perature  difference  for  the  reference  and  the  specimen,  re¬ 
spectively.  They  were  determined  from  the  linear  relationship 
between  the  heater  power  and  the  temperature  difference  within 
2-3  K.  The  measurements  were  carried  out  for  both  arranging 
positions,  i.e.  one  is  in  a  case  of  the  specimen  locating  at  the 
side  of  the  sub-heater  and  another  is  in  a  case  of  a  reference  at 
the  side  of  the  sub-heater  as  shown  in  Figure  1  .  Then,  the  heat 
flux  through  them  were  more  precisely  evaluated  comparing 
to  the  case  of  just  one  arrangement.  A  heat  sink  can  be  set  at 
any  required  temperature  by  adjusting  the  main  heater  wound 
round  sample  holder. 

The  a  was  measured  simultaneously  with  k.  a  is  determined 
by  the  relationship  between  thermoelectromotive  force  and 
temperature  difference  within  2-3  K.  Those  measurements  were 
carried  out  over  the  temperature  range  from  80  to  350  K  in  a 
vacuum  below  1.33xl0'3  Pa. 

The  a  and  the  Hall  coefficient  RH  were  measured  by  the 
van  der  Pauw’s  method  using  plate  like  specimen  with  dimen¬ 
sion  of  4x4x  1  mm3  which  is  identical  with  that  used  for  *rand 
a  measurements. 
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Table  1  Thermoelectric  properties  for  w-type  Mg2Si06Si0  4 
doped  with  Sb  of  8000  ppm  at  room  temperature. 


Carrier  cone.  cr 

TyPC  (l/m3)  (l/(Qm)) 

a 

(HV/K) 

K  Z 

(W/(mK))  (1/K) 

n  6.25*1 025  7.81*10 4 

-97.0 

3.35  0.22*  10-3 

Results  and  discussion 

Table  1  tabulates  the  thermoelectric  properties  of  «-type 
MgSi06Ge04  doped  with  Sb  of  8000ppm  at  room  temperature. 
This  specimen  corresponds  to  the  sample  C  in  reference  [5]. 
The  sample  was  so  brittle  that  it  was  very  difficult  to  cut  out  of 
the  specimen  with  dimensions  of  4x4x4  mm3.  In  reference  [5], 
k  for  specimen  C  is  2.45  W/(mK).  However,  it  was  measured 
again  and  then  k  of  this  specimen  was  determined  to  be  3.35 
W/(mK)  at  room  temperature.  This  is  mainly  due  to  the  more 
precise  estimation  of  the  amount  of  heat  flux  through  the  speci¬ 
men  and  Si02  reference  .  The  Z  is  0.22x1  O'3  K*1  which  is  about 
one  third  of  the  value  described  in  reference  [5], 

Figure  2  shows  the  temperature  dependence  of  a .  The 
Hall  coefficient  RH  is  almost  constant  in  the  temperature  range 
from  80  to  300  K,  which  indicates  the  degenerate  state  of  con¬ 
duction  electron.  The  electron  density  derived  from  RH  is 
6.25 xlO25  m"\  Therefore,  a-T  curve  can  be  regarded  as  a  tem- 


Temperature  T  (K) 


Figure  2  Temperature  dependence  of  the  electrical  con¬ 
ductivity  cr  for  w-type  MgSi0  6Ge0  4  doped  with 
Sb  of  8000ppm. 


Temperature  T  (K) 


Figure  3  Temperature  dependence  of  the  thermoelectric 
power#  for  «-type  Mg2Si0  6Ge0  4  doped  with  Sb 
of  8000ppm. 


perature  dependence  of  the  drift  mobility.  Above  100  K,  the  cr 
has  a  temperature  dependence  proportional  to  T'm  which  indi¬ 
cates  that  the  mixed  alloy  scattering  is  predominant  [7].  This  is 
mainly  due  to  the  solid  solidification  between  Mg^i  and  M^Ge. 
In  reference  [5],  it  was  also  reported  that  above  300  K,  the 
Hall  mobility  juH  has  rather  steep  temperature  dependence  and 
that  carrier-carrier  scattering  contributes  to  the  electron  trans¬ 
port. 

Figure  3  shows  the  temperature  dependence  of  the  thermo¬ 
electric  power  a  for  «-type  Mg2Si0  6Ge04.  The  a  increases 
Iinerly  with  temperature  in  this  temperature  region.  According 
to  reference^],  a  still  increses  with  temperature  up  to  600  K 
and  then  began  to  decrease  because  of  the  onset  of  the  intrinsic 
conduction. 

Figure  4  shows  the  temperature  dependence  of  a:  for  «-type 
Mg2Si06Ge04.  In  the  figure,  the  marks  of  A  and  ▼  express 
the  arangement  of  the  reference  and  specimen  in  measuring  k 
described  in  the  previous  chapter,  i.e  A  and  ▼  are  in  cases  of 
the  specimen  and  reference  on  the  sub-heater  side,  respec¬ 
tively.  The  k  decreases  monotonously  with  temperature.  In  the 
thermoelectric  semiconductors,  the  k  is  given  by 


where  fcel  is  the  carrier  component  of  the  thermal  conductivity  [8]. 
Kelis  estimated  on  the  basis  of  the  Wiedeman-Franz  law  using 
the  Lorentz  number  L  and  electrical  conductivity  cr.  Then,  Kel  is 
expressed  by 


*erL  <jT , 


(3) 
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Figure4  Temperature  dependence  of  the  thermal  conduc¬ 
tivity  k  for  w-type  Mg2Si0  6Ge0  4  doped  Sb  of 
8000ppm. 

In  this  case,  it  is  valid  to  use  2.45  x  1 0*8  V2/K2  for  L  ,  which  is 
avilable  for  metal  becaues  of  the  heavy  doping  with  carrier 
concentration  of  6.25 *1025  nr3  and  temperature  dependence 
of  the  Rh. 

Figure  5  shows  the  temperature  dependence  of  Kph  for  «-type 
Mg2Si06Ge04.  The  dashed  line  is  fcp  =  51.2 T~m  W/(mK)  for 
Mg2Si06Ge04  reported  by  R.J.LaBotz  et.al.  [6].  While  their 
measurements  were  carried  out  above  room  temperature,  the 
Kph-  T  curve  is  in  fairly  good  agreement  with  their  estimation. 
Then,  it  is  quite  valid  to  apply  T 'm  dependence  for  heavily 
doped  Mg2Si06Ge04.  T  *1/2  dependence  indicates  the  phonon 
scattering  by  point  defect  due  to  the  large  mass  difference 
between  Si  and  Ge[6].  However,  temperature  dependence  of 
Kph  is  slightly  different  between  above  and  below  170K. 
Especially,  above  170  K,  it  has  temperature  dependence  of 
1 1 8.27  *° 655  W/(mK),  which  is  a  combination  of  point  defect 
and  normal  Umklapp  scattering  [6].  And  also,  below  170  K  it 
has  a  temperature  dependence  of  26.67  "°-352  W/(mK),  which  is 
considered  to  be  due  to  the  contribution  of  the  electron-phonon 
scattering  [9] . 


Conclusion 

For  the  purpose  of  verifying  the  temperature  dependence  of 
lattice  thermal  conductuvity  /r^for  «-type  Mg2Si0  6Ge  0  4  heavily 
doped  with  Sb,  the  thermal  conductivity  a:  as  well  as  other  ther¬ 
moelectric  parameters  were  investigated  as  a  function  of  tem¬ 
perature.  It  is  found  that  7*1/2  dependence  of  Kph  is  quite  valid 
for  the  heavily  dopen  «-type  Mg2Si06Ge04.  However,  it  is  also 
pointed  out  that  the  various  phonon  scattering  mechanism  such 
as  point  defect ,  normal  Umklapp  amd  electron-phonon  scat¬ 
tering  contribute  toward  tcph. 


£ 

> 


Temperature  7  (K) 


Figure  5  Temperature  dependence  of  the  lattice  thermal 
conductivity  Kph  for  «-type  MgSi06Ge04  doped 
with  Sb  of  8000ppm. 
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Abstract 

According  to  the  literature,  Mg2Si  possesses  good  thermoe¬ 
lectric  properties.  However,  no  easy  fabrication  process  for 
this  material  is  known  to  date.  In  this  paper  we  present  a  new 
production  route  based  on  modified  mechanical  alloying  and 
hot  uniaxial  pressing  that  leads  to  samples  free  from  oxides. 
Comparison  is  made  with  samples  produced  by  a  conventional 
powde metallurgical  process  leading  to  the  contamination  with 
MgO.  The  samples  were  examined  by  differential  scanning 
calorimetry,  laser  flash-,  Hall-,  and  Seebeck-  measurements. 
The  results  show  that  the  samples  free  from  oxides  have  an 
improved  thermal  stability,  a  higher  thermal  conductivity  and  a 
much  higher  Hall  mobility.  Thus,  the  thermoelectric  figure  of 
merit  z  could  be  improved  by  a  factor  of  3.5.  Additionally,  the 
electronic  transport  behaviour  of  the  oxide-free  samples  was 
examined.  It  can  be  explained  by  the  contribution  of  an  addi¬ 
tional  conduction  band. 

Introduction 

The  three  intermetallic  compounds  Mg2Si,  Mg2Ge,  and 
Mg2Sn  and  their  solid  solutions  are  known  as  promising  ther¬ 
moelectric  materials  [1,2,3].  Due  to  the  high  vapour  pressure 
and  the  reactivity  of  Mg,  synthesis  of  these  compounds  via 
melt  metallurgy  is  difficult.  It  has  been  shown,  previously,  that 
mechanical  alloying  as  a  new  production  method  to  receive 
powders  of  these  materials  has  advantages  as  it  avoids  the 
mentioned  difficulties  [4,5,6].  The  current  paper  focuses  on 
the  consolidation  of  such  prepared  powders  and  on  the  influ¬ 
ence  of  the  oxygen  content  on  the  thermal  and  thermoelectric 
behaviour  of  the  compacts. 

Experimental 

The  mechanical  alloying  process  is  described  elsewhere  [5,7]. 

The  consolidation  was  performed  under  high  vacuum  (p<10“4 
mbar)  through  hot  uniaxial  pressing  (HUP)  at  a  pressure  of  50 
MPa.  The  sintering  temperature  was  varied  from  580  to  900 
°C  and  the  sintering  time  from  10  to  90  minutes. 

The  amount  of  oxide  content  of  the  samples  was  calculated 
from  X-ray  diffraction  (XRD)  spectra  using  a  MgO  calibra¬ 
tion.  The  differential  thermal  analysis  (DTA)  and  the  differen¬ 
tial  scanning  calorimetry  (DSC)  characterization  was  per¬ 
formed  in  air  using  a  Netzsch  DSC404  at  a  heating  rate  of  10 
K/min.  For  the  measurement  of  the  thermal  diffusivity,  a 
Netzsch  LFA427  laser  flash  apparatus  was  employed,  and  for 
the  Seebeck  measurements  a  MMR  SB  100  programmable 


Seebeck  controller.  The  Hall  apparatus  using  a  standard  6 
point  method  is  described  elsewhere  [8]. 

Preparation  of  the  samples 

Although  the  mechanically  alloyed  powders  itself  showed  no 
MgO  signal  in  the  XRD  measurements  and  the  hot  uniaxial 
pressing  occurs  in  high  vacuum,  all  samples  prepared  by  con¬ 
ventional  powdermetallurgy  show  a  MgO  signal  after  consoli¬ 
dation.  The  amount  did  not  drop  below  20  Mol%  MgO  (e.g. 
see  table  1,  samples  1  and  2).  The  difference  in  oxide  content 
between  sample  1  and  2  was  due  to  a  reduction  of  the  hot 
pressing  temperature  and  by  filling  the  graphite  die  in  argon 
atmosphere  instead  of  air.  Nevertheless,  this  result  is  not  satis¬ 
factory. 


sample 

powder 

TS 

(°C) 

ts 

(min) 

MgO 

(Mol-%) 

1 

dry 

900 

15 

41 

2 

dry 

700 

60 

24 

3 

wet 

700 

20 

~0 

Table  1:  Oxide  content  of  hot  pressed  samples 


For  the  third  sample,  the  preparation  route  has  been  modified. 
Prior  to  the  application  of  pressure  onto  the  pressing  punches, 
the  graphite  die  was  degassed  for  12  hours  in  vacuum.  Imme¬ 
diately  after  the  degassing  the  die  was  filled  with  the  powder. 
It  is  important  that  the  powder  is  still  wet  from  the  milling 
fluid  when  it  is  filled  into  the  graphite  die.  Thus,  any  oxidation 
of  the  Mg  that  may  occur  even  in  the  glove  box  in  argon  at¬ 
mosphere  can  be  avoided. 

The  milling  fluid  was  then  removed  in  the  HUP  apparatus  at 

an  applied  pressure  of  3.2  MPa  in  vacuum  (pel O'4  mbar)  at 
room  temperature.  Subsequently,  the  temperature  has  been 
raised  to  700  °C,  and  the  sample  hot  pressed  for  20  minutes  at 
a  pressure  of  50  MPa.  In  this  way  bulk-Mg2Si  indeed  free 
from  MgO  could  be  produced  as  proved  by  X-ray  diffraction. 

Thermal  analysis 

DTA  measurements  performed  on  samples  2  and  3  (table  1)  are 
plotted  in  figures  1  and  2,  respectively.  The  first  run  of  sample 
2  shows  an  endothermic  reaction  beginning  at  60  °C  that  con¬ 
verts  directly  into  an  exothermic  one  at  about  150  °C.  The 
endothermic  peak  is  caused  by  the  evaporation  of  water  and  is 
also  visible  in  the  runs  3  and  5.  It  can  be  concluded  that  the 
sample  has  absorbed  water  during  the  storage  in  air  before 
these  runs.  This  is  confirmed  by  an  weight  increase  of  about 
2.5  %.  The  peak  does  not  occur  in  the  runs  2,  4,  and  6  because 
these  runs  were  performed  directly  after  the  previous  ones 
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giving  no  time  for  water  absorption.  The  exothermic  peak  in 
run  1  is  due  to  the  annealing  of  stresses  that  has  been  induced 
during  the  hot  pressing.  It  does  not  occur  in  any  the  subse¬ 
quent  run. 


Temperature  (°C) 


Figure  2:  Differential  thermal  analysis  of  sample  3 

All  runs  show  a  strong  exothermic  peak  that  begins  at  between 
300  and  350  °C  indicating  the  beginning  oxidation  of  Mg2Si. 
With  increasing  run  number  this  peak  becomes  more  and  more 
flat  but  even  after  a  heat  treatment  of  48  hours  at  400  °C  in  air, 
it  still  occurs.  Though  the  grown  oxide  layer  slows  down  fur¬ 
ther  oxidation,  it  cannot  completely  stop  it,  leading  eventually 
to  the  destruction  of  the  whole  sample. 

Sample  3  that  is  free  from  MgO  shows  a  completely  different 
behaviour.  In  the  first  run  neither  the  endothermic  peak  is  visi¬ 
ble  nor  a  change  in  weight  could  be  observed.  Only  a  small 
exothermic  peak  at  270°C  that  belongs  to  the  healing  of  stress 
is  visible.  Because  it  is  much  smaller  than  the  one  of  sample  2 
we  conclude  that  the  occurrence  of  MgO  is  accompanied  by  an 
introduction  of  mechanical  stress  into  the  sample  during  the 
hot  pressing. 

The  second  run  was  performed  up  to  a  temperature  of  800  °C. 
A  strong  exothermic  reaction  is  visible  that  begins  at  about 
500  °C  and  which  corresponds  to  the  oxidation  of  the  Mg2Si. 
After  this  run  the  weight  of  the  sample  has  increased  about  3 
%,  and  its  surface  was  covered  with  a  thin  layer  of  MgO.  Due 


to  this  surface  oxidation  the  sample  can  absorb  water  which  is 
indicated  by  the  small  endothermic  peaks  of  run  3.  After  the 
third  run  the  sample  shows  a  concomitant  increase  in  the 
weight  of  another  3  %. 

Much  stronger  than  in  sample  2  is  the  flattening  of  the  exo¬ 
thermic  oxidation  peak.  In  the  fourth  run  the  signal  even  dis¬ 
appeared,  and  no  increase  in  weight  could  be  observed.  Thus, 
the  oxidation  of  sample  3  is  a  true  surface  effect  forming  a 
protective  oxide  layer  on  the  surface. 

To  confirm  the  dependence  of  the  weight  from  temperature,  a 
sample  free  from  oxides  was  heat-treated  in  the  following  way: 
Holding  at  100  °C  for  1  hour  in  air,  then  cooled  down  and 
weighted.  This  procedure  was  repeated  at  200  °C,  then  at  300 
°C,  and  so  on.  The  result  is  shown  in  figure  3. 


Figure  3:  Weight  evolution  during  annealing  of  sample  3 

According  to  the  DTA  measurements  and  in  agreement  with 
the  literature  [6]  in  terms  of  oxidation,  the  sample  is  stable  up 
to  500  °C.  When  annealing  at  temperatures  between  600  and 
800  °C,  a  MgO  layer  on  the  sample  surface  forms  and  a  small 
increase  in  weight  occurs.  At  these  temperatures  the  oxidation 
proceeds  only  slowly  and  merely  as  a  surface  effect.  Only 
when  annealing  at  900  °C  a  strong  increase  in  weight  can  be 
observed,  which  indicates  an  oxidation  through  the  whole 
sample.  This  means  the  destruction  through  oxidation  of 
Mg2Si  takes  place  at  900  °C. 

Specific  heat  measurements 

As  only  one  publication  is  available  in  which  the  specific  heat 
of  Mg2Si  has  been  measured  [9]  we  carried  out  calorimetric 
measurements  on  the  sample  free  from  oxide.  Figure  4  shows 
the  measurements  by  Mannchen/ Jacobi  together  with  our  re¬ 
sults  and  the  theoretical  Dulong-Petit  saturation  value.  It  can 
be  seen  that  the  literature  values  as  well  as  our  ones  monoto¬ 
nously  increase  with  temperature,  but  that  only  our  measure¬ 
ment  asymptotically  approximates  the  Dulong-Petit  value. 
(The  slight  bend  in  the  curve  at  about  250-300  °C  corresponds 
to  the  exothermic  peak  at  270  °C  measured  in  the  first  DTA 
run  of  sample  3.)  The  previously  measured  literature  values 
exceed  the  Dulong-Petit  limit,  which  is  probably  due  to  a  non- 
negligible  MgO  content  in  those  samples. 
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Figure  4:  Specific  heat  of  Mg2Si 

Thermoelectric  properties 

The  thermoelectric  characterization  has  been  performed  in 
terms  of  measuring  the  lattice  thermal  conductivity  and  the 
carrier  mobility,  i.e.  on  quantities  for  which  no  defined  doping 
is  necessary. 

The  thermal  conductivity  has  been  calculated  from  the  meas¬ 
ured  specific  heat,  the  thermal  diffusivity,  and  the  density, 
which  has  been  geometrically  determined.  Because  the  carrier 
densities  are  not  larger  than  3*10^/cm^  the  electronic  contri¬ 
bution  to  the  thermal  diffusivity  can  be  neglected.  Therefore, 
in  the  extrinsic  range  (T<400  °C),  the  calculated  thermal  con¬ 
ductivity  values  can  be  directly  identified  with  the  lattice 
thermal  conductivities. 

In  figure  5  the  lattice  thermal  conductivities  £/  of  sample  3  and 
a  sample  with  high  MgO  content  are  plotted.  Over  the  whole 
temperature  range  &/  of  sample  3  is  about  a  factor  1.5  higher 
than  the  one  of  the  sample  with  high  MgO  content.  The  reason 
are  the  disturbances  introduced  by  the  MgO. 


Figure  5:  Lattice  thermal  conductivities  of  samples  with  different 
MgO  content. 

Figure  6  shows  the  electron  mobilities  of  the  same  samples. 
Sample  3,  i.e.  the  one  free  from  MgO,  exhibits  a  5  fold  higher 
mobility  than  compared  to  the  sample  with  high  MgO  content 


and  reaches  nearly  the  published  values  for  polycrystalline 
material  [2]. 


Figure  6:  Electron  mobility  of  samples  with  different  MgO  contents. 

On  the  other  hand,  all  the  samples  with  a  MgO  content  from 
20-41  Mol-%  have  nearly  the  same  mobilities  independent 
from  the  production  parameters  and  their  carrier  densities.  We 
therefore  conclude  that  the  MgO  content  is  the  reason  for  their 
low  mobilities.  It  is  a  sound  to  assume  that  the  grains  are  cov¬ 
ered  with  a  layer  of  MgO  which  acts  as  an  isolating  barrier, 
thus  reducing  the  carrier  mobility. 

The  thermoelectric  characterization  shows  that  the  influence  of 
the  MgO  content  is  much  higher  on  the  mobility  than  on  the 
thermal  conductivity.  Consequently,  the  presented  preparation 
route  that  leads  to  samples  free  from  oxides  makes  it  possible 
to  increase  the  ratio  of  electron  mobility  to  lattice  thermal 
conductivity,  which  concomitantly  leads  to  an  increase  of  the 
thermoelectric  figure  of  merit  z  by  the  same  factor  of  3.5. 

Transport  mechanisms 

The  transport  behaviour  of  the  sample  free  from  MgO  is  ana¬ 
lysed  using  temperature  dependent  measurements  of  the  Hall 
coefficient  /?//  and  the  Seebeck  coefficient  5  (see  figures  7  and 
8).  At  temperatures  higher  than  250  K  the  transport  behaviour 
can  be  explained  using  a  simple  one  band  model  with  a  single 
donor  state.  In  the  range  250 — 320  K,  the  donor  states  are 
thermally  activated  leading  to  the  normal  decrease  in  RH .  From 
the  slope  of  Rh(T)  the  donor  activation  energy  to  the  conduc¬ 
tion  band  edge  is  calculated  to  be  96  meV.  Due  to  the  rising  of 
the  Fermi  niveau,  the  Seebeck  coefficient  rises  up  to  a  tem¬ 
perature  of  320  K.  Above  this  point  it  decreases,  denoting  that 
all  donor  states  are  activated. 

The  temperature  dependences  of  RH  and  S  in  the  range  70 — 
250  K  cannot  be  explained  in  this  simple  model.  An  additional 
energy  level  must  be  introduced  that  can  either  be  a  second 
impurity  state  or  a  second  conduction  band. 

Using  the  model  of  a  second  impurity  state,  it  must  be  located 
between  conduction  band  and’  given  donor  level.  In  this  case 
electrons  are  activated  with  increasing  temperature  into  this 
level  and  contribute  to  conductivity  by  a  hopping  mechanism. 
With  increasing  number  of  electrons  in  this  state  the  density  of 
free  states  decreases.  Thus,  the  density  of  mobile  electrons  in 
this  state  decreases  and  leads  to  an  increase  of  RH  with  T  [10]. 
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igure  7:  Hall  coefficient  of  Mg2Si. 
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Figure  8:  Seebeck  coefficient  of  Mg2Si 

If  we  consider  two  conduction  bands  CB1  and  CB2  with 
EcB2>ECBl  diere  are  only  electrons  in  CB1  at  low  tempera¬ 
tures.  At  a  certain  temperature  electrons  are  activated  into 
CB2  (70  K  for  Mg2Si,  see  figure  7).  Because  the  carrier  mo¬ 
bility  in  CB2  is  much  smaller  than  in  CB1,  RH  increases  with 
temperature.  Using  the  theory  of  Allgaier  [11]  the  ratio  of  mo¬ 
bilities  in  the  two  bands  can  be  calculated  to  pi  =  28|i2»  and 
the  energy  difference  between  EcB2~ECBl  t0  18  meV.  The 
ratio  of  density  of  states  is  calculated  to  be  20. 

Assuming  that  the  sum  of  carriers  in  the  two  bands  is  constant, 
the  strong  increase  of  S  with  temperature  below  250  K  can 
also  be  explained  by  the  activation  of  electrons  from  CB 1  into 
CB2.  Because  the  density  of  states  of  CB2  is  much  higher,  the 
Fermi  level  decreases  and  consequently,  the  Seebeck  coeffi¬ 
cient  increases  with  temperature. 

Conclusions 

A  powdermetallurgical  preparation  route  that  leads  to  Mg2Si 
samples  free  from  oxides  has  been  developed.  The  samples  are 
thermally  stable  up  to  500  °C  in  air.  Compared  to  samples 
which  contain  oxides,  the  hall  mobility  of  the  carriers  is  im¬ 
proved  by  a  factor  of  5,  and  the  thermoelectric  figure  of  merit 
by  a  factor  of  3.5.  The  transport  behaviour  can  be  explained 
by  the  contribution  of  an  additional  band. 
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Abstract 

Thermopower  and  electrical  conductivity  of  undoped  p- 
FeSi2  single  ciystals  have  been  investigated  between  4K  and 
350K  in  dependence  on  the  deviation  from  strict 
stoichiometry  within  the  homogeinity  range.  The  crystals 
have  been  prepared  by  chemical  transport  reaction  in  a  closed 
system  with  iodine  as  transport  agent  using  high  purity 
source  material.  Both  electrical  conductivity  and 
thermopower  depend  on  the  composition  within  the 
homogeinity  range  which  is  explained  by  different  intrinsic 
defect  concentrations  at  the  Si-rich  and  Fe-rich  phase 
boundaries.  Low  ohmic  material  was  only  obtained  by 
additional  doping.  At  the  Si-rich  phase  boundary  the 
thermopower  shows  at  low  temperatures  a  significant  phonon 
drag  contribution  with  /S/>1000pV/K. 

Introduction 

The  compound  p-FeSi2  belongs  to  the  group  of 
semiconducting  silicides  formed  by  the  transition  metals  Cr, 
Mn,  Fe,  Ru,  Re,  Os  and  Ir  in  the  Si  rich  part  of  the 
corresponding  phase  diagrams  [1].  Within  this  group  the 
disilicide  p-FeSi2  is  believed  to  be  the  most  promising 
thermoelectric  material  for  medium  and  high  temperature 
applications  [2,3],  Many  efforts  have  been  made  to  find 
suitable  doping  elements  and  doping  levels  for  high  efficient 
n-type  and  p-type  material.  Both  bulk  material  [2-13]  and 
thin  films  [14-20]  have  been  considered. 

Despite  the  great  interest  in  thermoelectric  and  recently 
also  in  optoelectronic  applications  [1]  many  of  the  transport 
properties  of  p-FeSi2  are  still  not  well  understood:  The  main 
scattering  mechanisms  are  not  known  which  limit  the 
mobility,  unclear  is  the  role  of  polaron  formation  in  n-type 
material,  uncomplete  the  knowledge  of  defect  formation  and 
impurity  levels.  In  Fig.  1  an  example  is  shown  of  the  influence 
of  unknown  doping  on  the  thermopower  of  p-FeSi2+x  thin 
films.  The  different  results  in  both  the  undoped  and  Co-doped 
films  show  that  unintentional  doping  has  to  be  carefully 
considered  in  all  electrical  transport  measurements. 

As  a  consequence  of  the  above  mentioned  problems  the 
question  remained  open  whether  p-FeSi2  can  be  further 
modified  to  give  improved  thermoelectric  properties  in 
comparison  with  the  state-of-the-art  material.  To  answer  this 
question  also  p-FeSi2  single  crystals  have  been  investigated  in 
recent  years  [19,  21-25],  According  to  their  high  structural 
order  and  defined  stoichiometry  the  p-FeSi2  single  crystals 
can  be  considered  as  basis  for  applied  research. 

In  this  paper  the  electrical  conductivity  and 
thermopower  undoped  of  p-FeSi2  single  crystals  will  be 
discussed  which  have  been  prepared  with  high  puritiy  source 
material  to  control  unintentional  doping.  It  will  be  shown  that 


one  needs  a  purity  of  at  least  5N  to  obtain  information  about 
intrinsic  defects.  Both  the  electrical  conductivity  and  thermo¬ 
power  have  been  found  to  depend  on  the  deviation  from  strict 
stoichiometry. 


P-FeSi2+x  thin  films  (full  symbols  -  own  results) 

Crystal  Growth 

To  achieve  high-purity  semiconductor  grade  P-FeSi2 
single  crystals  it  is  necessary  to  use  high-purity  starting 
materials  and  to  optimize  the  whole  preparation  process  to 
maintain  the  purity.  Ultra-high-purity  silicon  (5N)  was  used 
as  available  on  the  market  but  high-purity  iron  of  5N  was 
prepared  by  a  special  multistep  process  starting  from 
technological  iron  powder  [26,27].  The  remaining  impurity 
concentrations  are  shown  in  Table  1. 

According  to  the  phase  diagram  of  the  Fe-Si  system  the 
orthorhombic  p-FeSi2  phase  does  not  coexist  with  the  melt 
and  decomposes  at  1255K  into  FeSi  and  a-FeSi2,  which  is 
stable  above  1210K.  Therefore,  the  growth  of  p-FeSi2  single 
crystals  must  be  carried  out  below  121  OK,  and  chemical 
transport  reactions  or  flux  growth  may  be  used.  To  avoid 
impurity  incorporation  the  transport  reaction  was  performed 
in  closed  silica  ampoules  with  a  mixed  powder  of  iron  (5  N) 
and  silicon  (5  N)  as  source  materials  and  high  purity  I2  as  the 
transport  medium.  A  special  heat  treatment  of  the  silica 
ampoules  was  carried  out  to  exclude  oxygen  and  water. 
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Table  1:  Impurity  concentrations  of  Fe  and  p-FeSi2  detected 
by  mass  spectroscopy 


Element 

Fe-Wire 
(mass  ppm) 

P-FeSfc 
(mass  ppm) 

B 

<1 

<1 

S 

<1 

<0.1 

P 

<1 

<1 

Na 

<1 

2 

Ba 

<1 

<0.1 

Cl 

2 

<1 

Br 

<1 

<0.1 

K 

<1 

<1 

Ca 

<0.1 

2 

Ti 

<1 

<1 

Cr 

<1 

7 

Mn 

<1 

<0.1 

Co 

1 

1 

Pb 

<1 

<0.1 

W 

<1 

<0.1 

Ni 

2 

11 

Cu 

5 

2 

Zn 

<1 

<1 

Ga 

1 

1 

Zr 

1 

1 

Nb 

<0.1 

<1 

Sb 

<1 

<0.1 

Sn 

<1 

<0.1 

As 

<1 

<0.1 

Mo 

<2 

<0.1 

Ag 

<0.1 

1 

I 

<0.1 

19 

Ta1* 

13 

19 

C2) 

10 

3) 

02) 

9 

3) 

n2) 

6 

!  3) 

H 

<6 

3) 

1)  MS-sample  holder  consists  of  Ta 

2)  70%  of  the  contents  of  C,  O,  N  are  bound  on  the  surface  [19] 

3)  not  determined 

The  composition  of  the  starting  material  was  chosen  to 
be  equal  to  the  atomic  ratios  Fe/Si  =  2,  2.5  and  1.5.  With  the 
ratios  2.5  and  1.5  crystals  were  obtained  with  the  upper  and 
the  lower  boundaries  of  the  homogeneity  range  of  p-FeSi2, 
resp.  The  chemical  vapour  transport  proceeded  from  the 
source  at  T2  =1323  K  to  the  crystallization  zone  kept  at  a 
temperature  Ti  of  100  to  300  K  below  T2.  In  some  cases  the 
single  crystals  have  been  annealed  after  the  crystal  growth  at 
a  constant  temperature  for  lOOh  to  achieve  a  composition  in 
equilibrium  with  the  vapour  phase.  The  single  crystals 
obtained  have  a  needle-like  shape  with  dimensions  (after 
about  10  days  growth)  of  (5  -  10)  x  2  x  0.5  mm3.  The  crystal 
structure  was  checked  by  X-ray  diffraction.  The  habit  of  the 
crystals  does  not  change  if  different  source  compositions  and 
different  temperatures  in  the  crystallization  zone  are  used.  In 
contrast  to  the  crystals  reported  in  literature  before  [21], 
selected  crystals  have  a  flat  surface  indicating  that  the  usual 
twinning  can  be  avoided  in  the  material  of  higher  purity. 

The  analyses  of  impurities  in  the  single  crystals  (Table  I) 
displays  no  significant  increase  in  comparison  with  the 
starting  materials  but  a  decrease  in  the  elements  which  will 
not  be  transported  by  iodine.  Only  the  concentration  of  the 
transport  agent  iodine  is  increased  to  19  wt.  ppm. 


Transport  Properties  of  Undoped  p-FeSi2  Single  Crystals 

Thermopower 

Fig.  2  shows  the  influence  of  the  purity  of  the  source 
material  on  the  thermopower  of  undoped  p-FeSi2.  Single 
crystals  prepared  with  4N  Fe  show  a  positive  thermopower 
(p-type  behaviour)  but  those  prepared  with  5N  Fe  negative 
thermopower  (n-type  behaviour).  The  samples  of  Fig.  2  have 
been  prepared  with  source  material  of  the  atomic  ratio  2.0, 
i.e.  their  possible  deviation  from  stoichiometry  is  undefined. 

p-type  conductivity  is  usually  reported  for  undoped 
polycrystalline  p-FeST  thin  films  and  bulk  material  made  by 
commercially  available  Fe  of  4N  or  less  purity.  The  p-type 
conductivity  of  undoped  p-FeSi2  is  obviously  caused  by 
unintentional  doping  and  not  by  intrinsic  defects.  According 
to  Fig.  2  intrinsic  defects  are  expected  to  be  donors. 


Fig.  2  Thermopower  of  undoped  P-FeSi2  single  crystals 
prepared  with  4N  and  5N  Fe 

The  general  temperature  dependence  of  the  thermopower 
S(T)  is  obviously  independent  of  the  conductivity  type.  At  low 
temperatures  S(T)  remains  very  small  near  zero  up  to  about 
70K,  increases  sharply  up  to  values  of  /S/  =  500...800pV/K  at 
150K  and  shows  a  weak  temperature  dependence  until  room 
temperature.  Crystals  grown  with  5N  source  material  show 
sometimes  a  much  larger  low  temperature  thermopower  up  to 
2000pV/K,  see  Fig.2  and  below.  Room  temperature  values 
are  usually  within  450pV/K  and  900pV/K  and  with  that 
much  larger  than  in  polycrystalline  material. 

In  Fig.  3  the  thermopower  S(T)  is  compared  of  undoped 
single  crystals  prepared  with  excess  of  Si  and  Fe, 
respectively.  The  two  groups  of  crystals  exhibit  different 
magnitudes  and  temperature  dependences  of  S(T).  Samples  of 
the  Si-rich  phase  boundary  show  a  larger  absolute  value  of 
the  thermopower  at  room  temperature  than  those  of  the  Fe 
rich  phase  boundary.  Also  the  increase  of  /S(T)/  with 
decreasing  temperature  is  larger  in  Si  rich  samples.  The 
thermopower  of  Fe  rich  crystals  goes  through  a  maximum 
between  150K  and  200K  but  in  Si  rich  crystals  /S/  increases 
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down  to  100K  and  reaches  values  >2000jiV/K.  Such  large 
values  of  the  low  temperature  thermpower  can  not  be 
explained  by  an  usual  diffusion  thermopower.  Phonon  drag 
effects  should  play  an  important  role  [28].  The  slope  of  the 
increase  of /S(T)/oc  T“  below  300K  is  given  by  n  =  0.8...  1.2 
(Fig.  4)  and  with  that  in  the  range  of  usual  acustic  phonon 
drag  effects. 
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Fig.  3  Thermopower  of  undoped  p-FeSi2  single  ciystals 
prepared  with  5N  source  material 


Fig.  4  Thermopower  of  undoped  p-FeSi2  single  crystals  in 
the  semi-logarithmic  plot 

Electrical  Resistivity 

The  different  behaviour  of  S(T)  of  the  both  groups  of 
crystals  is  expected  to  correspond  to  different  behaviour  of  the 
electrical  resistivity  p(T).  It  is  of  special  interest  whether  low 
ohmic  material  can  be  achieved  by  changing  only  the 
deviation  from  the  strict  stoichiometry.  Fig.  5  shows  p(T) 
normalized  to  p(300K)  between  70K  and  400K  of  single 
crystals  grown  with  5N  source  material  at  the  Si  rich  and  Fe 


rich  phase  boundaries  and  with  the  atomic  ratio  Si/Fe=2. 
There  is  a  clear  dependence  of  the  slope  of  p(T)  above  150K 
on  the  composition.  The  slope  of  p(T)  and  with  that  the 
activation  energy  at  300K  increase  with  increasing  Si/Fe  ratio 
of  the  source  material.  On  the  contrary  single  crystals  grown 
with  4N  source  material  show  irregular  behaviour. 

The  different  slopes  of  p(T)  remain  below  100K  In  Fig. 
6  the  resistivity  is  shown  down  to  10K.  Straight  lines  are 
observed  in  the  lg  p  vs.  T'1  plot  with  small  activation  energies 
indicating  impurity  tend  conduction.  In  plots  lgp  vs.  T'1/2  or 
T'1/4  corresponding  to  variable  range  hopping  (vrh)  no 
straight  lines  were  found. 


Fig.  5  Resistivity  of  undoped  p-FeSi2  single  crystals  prepared 
with  5N  source  material 


Fig.  5  Resistivity  of  undoped  p-FeSi2  single  crystals  at  low 
temperatures  (see  Fig.5) 

There  is  a  correspondence  between  the  temperature 
dependence  of  the  resistivity  p(T)  and  the  thermpower  S(T). 
The  low  temperature  range  of  small  values  of  /S(T)/ 
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corresponds  to  the  impurity  band  conduction  and  the  increase 
of  the  thermopower  with  increasing  temperature  is  in  parallel 
with  the  decrease  of  the  resistivity  according  to  the  activation 
of  carriers  from  the  shallow  donor  into  the  conduction  band. 

Some  of  the  single  crystals  grown  with  the  ratio  Si/Fe  = 
2.5  show  a  similar  temperature  dependence  of  the  resistivity 
as  crystals  grown  with  stoichiometric  composition  Si/Fe  =  2 
or  with  Si/Fe  =  1.5.  It  is  still  an  open  question  whether  this 
behaviour  is  caused  by  unintentional  doping  which  is  still 
present  despite  the  5N  purity  of  the  source  material  or  by 
different  concentrations  of  intrinsic  defects. 

The  room  temperature  values  of  resistivity  and  thermo¬ 
power  are  given  in  Table  2.  There  is  obviously  no  dependence 
of  p(300K)  on  the  deviation  from  stoichiometry  despite  the 
different  temperature  dependencies  (Fig.  5  and  6).  All  ciystals 
have  resistivities  at  room  temperature  in  the  same  order  of 
magnitude  of  10  to  lOOHcm.  It  was  still  not  possible  to  obtain 
low  resistivity  crystals  only  by  changing  the  deviation  from 
stoichiometry  and  with  that  the  concentration  of  intrinsic 
defects.  Only  by  additional  doping  low  resistivity  crystals 
have  been  obtained,  see  Table  3.  The  doping  was  carried  out 
with  stoichiometric  source  material.  Whether  the  doping 
effects  are  different  at  the  Si  rich  and  Fe  rich  phase 
boundaries  will  be  published  in  a  forthcoming  paper. 


Table  2:  Electrical  parameter  at  300K  of  undoped  p-FeSi2 
single  crystals  (see  Fig.  5  and  6) 


Symbol 

Source 

p  /  Qcm 

S/pV/K 

Ea  /  meV 

composition 

(300  K) 

(300  K) 

(T  «  300  K) 

A 

FeSij.5 

25 

-500 

25 

O 

FeSii.5 

37 

-500 

28 

Y 

FeSi2 

130 

-750 

50 

X 

FeSi2 

21 

-650 

44 

0 

FeSi2.5 

35 

-800 

60 

□ 

FeSi2.5 

70 

-1100 

105 

Table  3:  Electrical  parameter  at  300K  of  doped  p-FeSi2  single 
crystals  (dopant  concentr.:  at%  in  source  material) 


dopant 

/  at% 

p  /f2cm 

S/pV/K 

Ea  /  meV 

Cr 

1 

0.22 

490 

80 

Co 

3 

1.1 

-650 

50 

Ni 

5 

0.45 

-620 

60 

Conclusions: 

p-FeSi2  single  crystals  have  been  prepared  with  the  Si 
rich  and  Fe  rich  phase  boundaries  of  the  homogeneity  range 
using  source  material  of  5N  purity.  It  was  shown  that  this 
purity  of  the  source  material  is  necessary  to  avoid  uninten¬ 
tional  doping.  The  n-type  conduction  of  the  obtained  crystals 
indicates  that  the  dominant  intrinsic  defect  is  a  donor. 

There  is  a  clear  dependence  of  both  the  thermopower 
and  electrical  resistivity  on  the  deviation  from  strict 
stoichiometry.  In  the  temperature  range  between  4K  and 
3  5  OK  Fe  rich  crystals  both  transport  parameters  show  a  much 
weaker  temperature  dependence  of  the  resistivity  than  Si  rich 
crystals.  Only  in  Si  rich  crystals  a  strong  phonon  drag  effect 
was  found  in  the  low  temperature  thermopower.  Maximum 
values  up  to  /S/  =  2000pV/K  were  found  at  100K. 


It  was  still  not  possible  to  obtain  low  ohmic  single 
crystals  only  by  changing  the  deviation  from  stoichiometry. 
Low  ohmic  crystals  have  been  obtained  until  now  only  by 
additional  doping. 
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Abstract 

The  results  of  experimental  study  of  Seebeck  coefficient, 
electrical  and  thermal  conductivity  of  pure  and  doped 
p-FeSi-2  polycrystals  in  the  temperature  region  4.2-1000K 
are  presented  in  this  paper.  The  contributions  of  possi¬ 
ble  mechanisms  of  current  carrier  transport  into  Seebeck 
coefficient  are  discussed.  Optical  phonon  drag  effect  con¬ 
tribution  into  Seebeck  coefficient  is  calculated  for  band 
conduction  mechanism.  The  reasons  of  gigantic  Seebeck 
coefficient  at  low  temperature  are  discussed  either. 

Introduction 

The  problem  of  good  thermoelectrics  existence  among 
the  materials  with  low  mobility  was  discussed  in  [1]. 
B  -  FeSi-2  is  a  representative  of  such  thermoelectrics.  Un¬ 
doped  B  -  FeSi-2  has  high  thermal  conductivity  of  crystal 
lattice  (~  9  W-m~lK~l)  and  very  low  mobility  of  current 
carriers  (~  1  cm2V~1s~1).  Nevertheless  doped  iron  dis¬ 
ilicide  has  a  high  enough  figure  of  merit  Z  =  0.4  -10-3  A'-1 
[2].  This  fact  shows  that  in  P  -  FeSi2  unusual  intercom¬ 
munication  between  the  mobility  and  thermal  conductivity 
of  crystal  lattice  takes  place.  The  interconnection  on  our 
opinion  is  shown  most  noticeable  in  temperature  depen¬ 
dencies  of  Seebeck  coefficient.  Earlier  in  [3,  4,  5]  it  was 
shown,  that  Seebeck  coefficient  of  a  number  of  materials 
on  the  basis  of  iron  disilicide  has  features,  which  can  be 
explained  within  the  framework  of  neither  the  usual  band 
theory  nor  polaron  theory.  In  this  paper  we  shall  discuss 
the  contributions  of  optical  phonon  drag  effect  and  some 
other  effects  into  Seebeck  coefficient. 

Samples  and  measurement 

In  this  work  we  used  polycrystalline  samples  prepared  by 
vacuum  casting  method  as  described  in  [6] .  Measurements 
of  kinetic  coefficients  were  fulfilled  with  4  different  instal¬ 
lations.  The  installations  have  overlapping  temperature 
ranges.  The  results  obtained  with  different  installations 
in  a  common  temperature  range  are  practically  coincide. 
The  error  of  measurement  of  electrical  conductivity  and 
Seebeck  coefficient  was  less  than  5%  and  that  for  thermal 
conductivity  less  than  10%. 

Seebeck  coefficient 

Fig.l  shows  the  temperature  dependencies  of  Seebeck 
coefficient  for  pure  and  weakly  doped  0  —  FeSi>  .  Some 
results  obtained  by  Birkholz  and  Schelm  [3]  on  polycrys¬ 
talline  samples  and  by  Heinrich  et  al.  -[5]  on  single  crys¬ 
tals  are  shown  either.  The  most  characteristic  feature  ob¬ 
tained  on  the  majority  of  samples  is  the  sharp  growth  of 
Seebeck  coefficient  with  temperature  practically  from  zero 
up  to  500  -  800  \xVjK  in  the  region  of  150  -  400  K.  At 


these  temperatures  practically  in  all  cases  the  activational 
growth  of  electrical  conductivity  is  observed  (Fig.2).  Ear¬ 
lier  we  stated  the  assumption  [7],  that  such  behaviour  of  a 
Seebeck  coefficient  can  be  stipulated  by  the  essential  con¬ 
tribution  of  current  carriers  drag  by  optical  phonons. 

In  the  paper  [4]  we  estimated  the  contribution  of  optical 
phonon  drag  effect  into  Seebeck  coefficient  for  a  polaron 
conduction  mechanism.  Now  we  shall  discuss  such  a  con¬ 
tribution  for  a  band  conduction  mechanism. 

Optical  phonon  drag  effect  for  band  conduction 
mechanism 

To  calculate  the  contribution  of  optical  phonon  drag  ef¬ 
fect  we  suggested  that  the  elementary  spectra  of  quasipar¬ 
ticles:  efc  =  <jJq  =  oJo  +  aq 2  can  be  used  .  Here  u>0 

-  limiting  frequency  of  longitudinal  optical  phonons,  a  - 
parameter,  determining  their  dispersion.  It  was  assumed, 
that  scattering  of  carriers  on'  optical  phonons  is  a  small 
perturbation  in  an  electronic  subsystem  and  can  be  ne¬ 
glected.  Thus  the  electronic  Boltsmann  equation  is  easily 
solved  in  relaxation  time  (r)  approximation.  Case  of  small 
concentration  of  current  carriers  was  considered.  There¬ 
fore  from  all  possible  relaxation  processes  in  a  phonon 
subsystem  the  disintegration  of  an  optical  phonon  on  two 
acoustic  ones  was  taken  into  account  only.  The  relaxation 
time  of  such  a  process  does  not  depend  practically  on  a 
wave  vector  of  initial  phonon  [8]. 

It  simplifies  the  problem  and  allows  to  calculate  phonon 
components  of  Peltier  and  Seebeck  coefficients  for  any  tem¬ 
perature.  In  this  case  the  expression  for  phonon  compo¬ 
nent  of  Seebeck  coefficient  Sv  can  be  written  as: 


Sp  = 


keotAuj 
8eu o 


DM 


(1) 


Where  a  -  the  dimensionless  constant  of  electron-phonon 
interaction, 

Ac J  —  (IK1, 
k?  =  2muJo/h , 

vq  -  Frequency  of  processes  of  optical  phonon  disinte¬ 
gration  at  T  — »  0, 

r  standard  parameter,  determining  power  dependence 
of  the  relaxation  time  of  current  carriers, 
r)  =  huo/ksT: 

Functions  Dr(r})  for  a  number  of  carriers  scattering 
mechanisms  are  submitted  on  fig.3. 

Temperature  dependence  of  Seebeck  coefficient  (1)  is  de¬ 
termined  by  the  function  Z)r(r/).  Other  factors  are  respon¬ 
sible  for  the  value  of  effect.  At  low  temperature  (77  >  2) 
Dr(7})  oc  r)r+2e~n,  at  high  -  Dr(rj)  oc  rj3^1 .  It  is  easy  to  see, 
that  in  semiconductors  with  reasonably  large  m,  a,  a  and 
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Figure  1:  Seebeck  coefficient  of  some  materials  based  on 
/?  -  FeSi2 

1  -  FeSia,  pure  [3],  2  -  FeSi2<l%Mn>, 

3  -  FeSi2<D.01%Cd>,  4  -  FeSi2<0.7%Cd>  [5],  5  -  FeSi>.oi 


1/T,  K'1 


Figure  2:  The  electrical  resistivity  of  some  materials  based 
on  ft  -  FeSi2- 

Symbols  -  experiment,  designations  are  the  same  as  on 
Fig.l.  Lines  -  theory:  Solid  -  Kondo-type  dependence. 
Dashed  -  activational  dependence. 
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Figure  3:  Function  Dv{r))  at  various  r 
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Figure  4:  Absolute  value  of  Seebeck  coefficient  of  a  number 
P  -  FeSi2  based  materials  (symbols,  designations  are  the 
same  as  on  Fig.l)  and  fitted  contribution  of  optical  phonon 
drag  effect  (solid  line)  arid  acoustic:  phonon  drag  effect 
(dashed  line) 
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Figure  5:  Seebeck  coefficient  (5),  resistivity  (p)  and  thermal  conductivity  (k.)  of  (3  -  FeSia.oi-  Solid  lines  describe 
theoretical  dependence  at  low  temperature,  dashed  lines  -  those  at  higher  temperature. 

Low  temperature  dependences:  k,  =  koT3',  p  =  po  +  k  •  In (T). 

Higher  temperature  dependences:  k  =  k\Tz  +  d,K\  p  =  ^T"33;  5  =  5oe?. 
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Seebeck  coefficient,  mV/K 


small  i/0  the  contribution  of  optical  phonons  in  Seebeck 
coefficient  can  appear  ~  and  more.  The  sign  of  Sp 

(for  electrons  e  <  0,  for  holes  e  >  0)  at  a  >  0  coincides 
with  the  sign  of  diffusional  thermopower. 

Discussion 

Discussed  above  theory  and  the  results  of  Seebeck  co¬ 
efficient  estimation  for  polaron  conduction  mechanism  [4] 
show  that  in  both  case  an  exponential  growth  of  Seebeck 
coefficient  with  temperature  should  take  place.  This  is  the 
principal  distinction  from  an  acoustic  phonon  drag  effect 
where  T3  dependence  takes  place.  Fig. 4  shows  Seebeck 
coefficient  of  a  number  ft  —  FeSi2  based  materials  (sym¬ 
bols)  and  fitted  contribution  of  optical  phonon  drag  effect 
(solid  line)  and  acoustic  phonon  drag  effect  (dashed  line). 
One  can  see  that  the  exponential  dependence  of  Seebeck 
coefficient  much  better  describes  the  experiment  than  the 
cubic  one. 

The  theory  of  optical  phonon  drag  effect  stated  above 
cannot,  describe  whole  Seebeck  coefficient  temperature  de¬ 
pendence  firstly  because  of  existence  other  contributions 
into  the  coefficient  and,  secondly,  because  the  theory  was 
stated  for  one  optical  phonon  branch,  ft  -  FeSi2  unit 
cell  contains  49  atoms  and  therefore  the  phonon  spectrum 
must  contain  48  branches  of  longitudinal  optical  phonons. 
The  study  of  IR-reflection  in  reststralen  region  fulfilled  on 
polycrystals  [9]  and  on  single  crystals  [10]  shows  about  9 
oscillators.  The  temperature  corresponding  the  oscillator 
of  lowest  energy  is  ~  300K.  The  fitting  gives  the  tem¬ 
peratures  of  phonon  activation  in  the  range  90  -  500  K. 
Now  it  is  impossible  to  make  definite  conclusion  about  the 
possibility  of  applying  the  theory  because  of  lack  of  knowl¬ 
edge  about  phonon  spectrum.  We  have  data  on  phonon 
frequences  only  for  pure  ft  -  FeSi2  and  we  know  nothing 
about  phonon  dispersion.  Nevertheless  it  is  possible  to  say 
that  the  optical  phonon  drag  makes  an  essential  contribu¬ 
tion  in  Seebeck  coefficient  in  some  cases. 

Gigantic  Seebeck  coefficient  in  some  ft  -  FeSi2 
based  samples 

As  we  reported  earlier  [11]  there  are  gigantic  values  of 
Seebeck  coefficient  up  to  15  rnV/K  in  FeSi>.oi-  As  Fig. 5 
shows  there  is  an  exponential  growth  of  Seebeck  coefficient 
when  temperature  decreasing  in  the  region  70  -  15  K.  Si¬ 
multaneously  with  the  growth  of  Seebeck  coefficient  elec¬ 
trical  resistivity  increases.  The  growth  of  resistivity  can 
be  described  as  T-3'3  in  the  region  300  -  20  K  and  in  the 
region  20  -  4.3  K  it  can  be  described  by  Kondo-type  de¬ 
pendence  p  =  po  +  A:-ln(r).  Such  a  dependence  shows  that 
this  growth  cannot  be  explained  only  by  some  phonon  drag 
effect  because  the  drag  effects  do  not  result  in  so  drastic 
change  of  resistivity. 

It  should  be  mentioned  that  the  problem  of  existence 
of  a  phase  transition  in  ft  —  FeSi_>  near  T  =  20 K  must 
be  studied.  The  existence  of  the  phase  transition  is  indi¬ 
cated  by  the  change  of  temperature  dependence  type  for 
all  measured  parameters  in  this  region.  The  most  essen¬ 
tial  change  takes  place  in  the  temperature  dependence  of 
resistivity. 


Kondo-type  dependence,  of  resistivity  takes  place  not 
only  in  FeSD.oi  ■  The  similar  dependence  is  observed  in 
the  Mn-doped  sample  although  in  the  Co-doped  sample 
in  this  temperature  range  takes  place  only  activational 
dependence  (Fig.2).  So,  the  study  of  influence  of  mag¬ 
netic  impurities  on  thermoelectric  parameters  of  ft  -  FeSi2 
should  be  continued. 

Conclusion 

Study  of  materials  based  on  ft  -  FeSi-2  shows  that  this 
material  has  many  problems.  Solving  these  problems  can 
show  the  new  ways  of  search  of  very  effective  thermo¬ 
electrics. 
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Abstract 

Sintering  process  to  fabricate  iron  disilicides  with  a  fine 
grain  structure  is  pursued  using  elemental  powders  as  starting 
materials.  Additions  of  A1  to  the  binary  Fe-Si  system  are  at¬ 
tempted.  This  is  because  A1  has  a  considerably  lower  melting 
point  than  Fe  and  Si  and  hence  liquid  A1  phase  would  be  in¬ 
volved  upon  sintering  to  help  accelerating  the  reaction  kinetics 
to  form  iron  disilicides.  Sintering  of  ternary  iron  disilicides  is 
attempted  also  with  additions  of  Co  and  Cu,  the  former  being  an 
n-type  dopant  while  the  latter  might  promote  metal-to-semi con¬ 
ductor  transition  upon  annealing  after  sintering.  Effects  of  such 
additions  are  examined  on  the  sintering  kinetics,  constituent 
phases  in  the  products,  and  their  thermoelectric  properties.  It  is 
shown  that  fabrication  of  sintered  iron  disilicides  using  elemen¬ 
tal  powders  becomes  possible  with  A1  additions,  for  which  a 
mechanism  of  sintering  in  the  Fe-Si-Al  ternary  system  is  pro¬ 
posed.  Also  a  series  of  demonstration  is  given  for  the  changes  in 
thermoelectric  properties  with  difference  in  doping  element. 

Introduction 

The  iron  disilicides  have  been  known  by  their  high  po¬ 
tential  as  thermoelectric  semiconductors,  besides  they  consist 
of  abundant  and  economical  raw  materials  and  yet  have  high 
oxidation  resistance  as  well  as  chemical  stability  at  high  tem¬ 
peratures  [1-4]. 

The  partial  Fe-Si  binary  phase  diagram  is  shown  in  Fig. 
1  [5].  At  the  stoichiometric  composition,  a  low-temperature  phase 
of  the  iron  disilicide  exists  below  1259K  as  p-FeSi2  having  semi¬ 
conducting  properties,  while  at  above  1259K  it  exists  as  an  eu¬ 
tectic  alloy  composed  of  a-FeSi2  and  e-FeSi  having  metallic 
properties. 

The  single  phase  p-FeSi2  is  an  intrinsic  semiconductor, 
and  it  is  necessary  for  use  as  thermoelectric  materials  to  dope 
with  Al[l,2]  or  Mn[3,4]  as  acceptors  and  with  Co[l,2,6]  as  a 
donor,  since  a  thermoelement  consists  of  a  combination  of  p- 
and  n-type  semiconductors.  These  dopants  have  been  usually 
used  independently,  but  it  has  been  reported  that  thermoelectric 
properties  are  improved  by  complex  dopings  with  Mn-Al  or  Co- 
Aim. 

Thermoelectric  materials  have  been  usually  sintered  for 
better  thermoelectric  properties  and  mechanical  strength.  As- 
sintered  iron  disilicide  is  basically  the  metallic  a  phase,  being  a 
stable  phase  at  high  temperatures,  and  therefore  it  is  necessary 
to  conduct  a  heat  treatment  at  a  lower  temperature  to  convert  the 
alloy  into  p  phase  with  semiconducting  properties.  The  kinetics 
for  this  conversion  has  been  known  to  be  sluggish[8] ,  but  a  small 
amount  of  Cu  doping  has  been  shown  to  accelerate  the  kinetics 
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Fig.  1  The  partial  Fe-Si  binary  phase  diagram. 

of  a  to  p  conversion  upon  heat  treatment [9, 10]. 

Sintered  iron  disilicides  have  been  conventionally  fabri¬ 
cated  through  such  a  complicated  process  as  sintering  the  crashed 
and  milled  alloys  which  had  once  been  made  through  such  ingot 
metallurgy  as  induction  or  arc  melting[ll].  Such  a  fabrication 
process  has  been  required  since  sintering  elemental  powders  of 
a  desired  composition  with  a  uniformity  has  been  unsuccessful. 

A1  have  a  considerably  lower  melting  point  than  Fe  and 
Si.  Therefore  A1  doping  should  affect  ternary  liquidus  tempera¬ 
tures  of  the  compound  in  the  Fe-Si-Al  ternary  system  as  com¬ 
pared  to  the  case  in  the  binary  Fe-Si  system.  This  is  obvious 
from  Fig.  2[12],  where  isothermal  contour  for  the  liquidus  sur¬ 
face  is  shown  together  with  troughs  for  ternary  invariant  reac¬ 
tions.  Then,  in  case  of  sintering  using  elemental  powders,  it  is 
expected  that  Al-rich-liquid-phase  containing  much  of  Fe  and 
Si  in  solution  forms  at  early  stages  in  the  sintering  time  and 
facilitates  the  reaction  between  Fe  and  Si  elemental  powders. 
Since  the  reaction  in  this  sintering  process  occurs  on  a  scale  of 
raw  powder  sizes,  if  the  raw  powder  are  fine  enough  to  react 
overall,  it  is  also  expected  that  the  sintered  specimen  would  not 
be  accompanied  by  macro  segregation. 
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In  this  paper,  it  is  presented  that  fabrication  of  the  sin¬ 
tered  iron  disilicides  using  elemental  powders  becomes  possible 
with  addition  of  elemental  A1  powder.  Also  observed  and  dis¬ 
cussed  is  the  change  in  thermoelectric  power  with  varying  kind 
and  amount  of  additional  elements.  The  elements  other  than  A1 
are  Co  as  an  n-type  dopant  and  Cu  as  an  accelerator  for  the  ki¬ 
netics  of  a  to  p  conversion. 

Experimental  procedure 

Nominal  compositions  of  the  mixtures,  and  purities  and 
average  particle  sizes  of  elemental  powders  are  shown  in  Table 
1  and  2,  respectively.  The  mixtures  are  blended  in  ball  milling 
process  for  3days.  Green  compacts  of  Fe-Si  mixtures  with  Al, 
Co  and  Cu,  about  10mm  in  diameter  and  about  5  to  30mm  in 
length,  are  prepared  by  cold  isostatic  pressing  (CIP)  at  370MPa 
and  sintered  for  5, 30minor25hrat  1423  or  1453Kinavacuum 
(about  10'Pa).  Sintered  specimens  are  then  annealed  for  con¬ 
version  to  p-FeSi2  in  evacuated  quartz  tube  at  1073K  for  200hr. 
The  constituent  phases  of  specimens  are  observed  by  a  JEOL 
JSM-5300  scanning  electron  microscope  (SEM)  and  identified 
by  energy  dispersive  X-ray  spectroscopy  (EDS)  JEM  JED-2001 
operated  at  20kV  Thermoelectric  power  is  measured  in  a  vacuum 
(about  10  ‘Pa)  at  temperatures  ranging  from  R.T.  to  673K  with 
spot  welded  Pt-legs  during  heating  and  cooling.  Heating  or  cool¬ 
ing  rate  was  about  lOK/min  and  the  measurement  is  recorded  by 
digital  multi  meter  at  every  lmin. 

Results  and  Discussion 

*  Mechanism  of  sintering  in  the  Fe-Si- Al  ternary  system 

SEM  micrographs  of  as-sintered  Fe-6 1 ,7Si-5  Al  are  shown 
in  Fig.  3.  Sintering  was  conducted  at  1453K  for  (a)  5min,  (b) 
30min  and  (c)  25hr.  In  the  specimen  sintered  for  5min,  Fig.  3 
(a),  white  phase  which  is  identified  to  be  e-FeSi  by  EDS  is  sur¬ 
rounded  by  a-FeSi2  with  a  darker  contrast.  It  is  noted  that  the 
boundaries  between  the  two  phases  are  irregular  in  shape.  EDS 
revealed  that  Al  is  mainly  contained  in  a-FeSi2,  but  not  in  e- 
FeSi.  Also  in  some  darker  regions  in  the  matrix  of  a  phase,  shown 
by  an  arrow,  are  enriched  with  Al.  It  is  therefore  evident  that  the 
reaction  is  incomplete  in  this  sintering  condition.  Since  the  e- 
FeSi  is  found  as  large  as  the  size  of  raw  Fe-powder  as  has  been 


Si 


Fig.  2  Liquidus  surface  in  the  Fe-Si-Al  ternary  system. 


Table  1  Nominal  compositions  of  green  compacts 
using  elemental  powders. 


Fe 

Si 

Al 

Co 

Cu 

33.3 

61.7 

5 

- 

- 

32.97 

(33.3) 

63.06 

(63.7) 

2.97 

(3) 

- 

1 

32.97 

(33.3) 

64.05 

(64.7) 

1.98 

(2) 

- 

1 

32.47 

(32.8) 

63.06 

(63.7) 

2.97 

(3) 

0.50 

(0.5) 

1 

31.98 

(32.3) 

63.06 

(63.7) 

2.97 

(3) 

0.99 

(1) 

1 

30.00 

(30.3) 

63.06 

(63.7) 

2.97 

(3) 

2.97 

(3) 

1 

29.01 

(29.3) 

63.06 

(63.7) 

2.97 

(3) 

3.96 

(4) 

1 

28.02 

(28.3) 

63.06 

(63.7) 

2.97 

(3) 

4.95 

(5) 

1 

31.98 

(32.3) 

64.05 

(64.7) 

1.98 

(2) 

0.99 

(1) 

1 

()  compositions  without  Cu.  [at%] 


Table  2  Purity  and  average  particle  size  of  the  elemental 
powders. 


Purity /% 

Average  particle 
size  /  \xm 

Fe 

99 

45 

Si 

99.999 

45 

Al 

99.9 

10 

Co 

99.8 

5.22 

Cu 

99.5 

5.98 

shown  in  Table  2,  the  e  phase  is  thought  to  be  formed  by  the 
diffusion  of  Si  into  Feqjarticles.  It  is  then  considered  that  progress 
of  reaction  in  the  sintering  process  depend  on  the  slower  diffu¬ 
sion  of  Fe  and  the  size  of  raw  Fe-particles.  The  specimen  sin¬ 
tered  for  30min,  Fig.  3  (b),  is  similar  to  (a)  in  appearance  though 
compositions  of  the  each  constituent  phase  seem  to  reach  their 
equilibrium  according  to  the  EDS  results.  The  boundaries  be¬ 
tween  the  constituent  phases  are  smooth  implying  that  the  reac¬ 
tion  has  been  completed  at  this  stage.  In  Fig.  3  (c),  after  being 
sintered  for  25hr,  the  e  phase  becomes  remarkably  coarse. 

On  the  basis  of  these  results,  a  mechanism  of  sintering  in 
the  Fe-Si-Al  ternary  system  is  proposed.  It  is  shown  schemati¬ 
cally  in  Fig.  4  (a)  through  (c).  When  the  green  compact  consist¬ 
ing  of  Fe,  Si,  and  Al  powder  mixtures  as  shown  in  (a)  is  heated 
and  held  at  the  sintering  temperature,  Al-liquid-phase  should 
first  form  and  a  considerable  amount  of  Fe  and  Si  would  dis¬ 
solve  into  it.  This  is  the  situation  shown  in  (b).  Being  judged 
from  the  liquidus  surface  which  was  shown  in  Fig.  2,  the  amount 
of  liquid  phase  at  for  example  1373  K  is  as  much  as  five  times 
the  volume  of  aluminum  powders  added  initially,  since  the  alu- 
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Fig.  3  SEM  micrographs  of  as-sintered  FeSi2  with  5at%Al. 
Sintering  was  conducted  at  1453K  for  (a)  5min, 
(b)  30min  and  (c)  25h. 


minum  concentration  in  the  liquid  coexisting  with  solid  Fe  and 
Si  would  be  as  high  as  20at%.  Under  such  a  condition,  a-FeSi2 
would  form  at  such  sites  where  the  concentration  requirement  is 
reached  as  boundaries  between  liquid  and  solid  phases.  The  dif¬ 
fusion  of  Fe  in  each  solid  phase  must  be  slower  than  that  of 
Si[13],  Furthermore,  the  solubility  of  Fe  in  Si-solid-phase  is 
small[14],  while  that  of  Si  is  large.  Therefore,  as  a  result  of  the 
preferential  diffusion  of  Si  into  Fe-particle  through  the  medium 
of  liquid  phase,  e-FeSi  forms.  The  sintering  process  results  in 
forming  an  alloy  composed  of  e-FeSi  and  a-FeSi2  as  shown  in 
(c). 

*  The  change  in  thermoelectric  power 

Thermoelectric  power  as  a  function  of  temperature  for 
Fe(Si,2Al)2  and  Fe(Si,3Al)2  doped  with  and  without  lat%Cuis 
compared  in  Fig.  5.  These  specimens  are  sintered  at  1423K  for 
30min  and  then  annealed  at  1073K  for  200hr  for  a  to  b  conver¬ 
sion.  It  is  the  condition  for  sintering  and  annealing  for  all  the 
other  specimens  described  hereafter.  It  is  first  found  that  the  ther¬ 
moelectric  power  of  the  specimen  with  3at%Al  is  higher  at  en¬ 
tire  temperature  range  over  that  with  2at%Al.  Then  it  is  seen 
that  the  thermoelectric  power  of  Cu-doped  specimens  is  sub¬ 
stantially  higher  for  both  cases  with  the  same  tendency  for  the 
difference  in  A1  level.  This  should  be  due  to  the  acceleration  of 
the  kinetics  of  conversion  from  a  to  [5  by  Cu  as  has  been  re¬ 
ported  before[9, 10],  In  fact  SEM  observation  revealed  that  the 
microstmcture  changes  drastically  after  annealing  for  a  to  p  con¬ 
version  in  a  way  that  the  amount  of  e-FeSi  becomes  very  small 
in  volume  for  Cu-doped  specimens. 

Thermoelectric  power  as  a  function  of  temperature  for 
(Fe,Co)(Si,3Al)2-lCu  with  various  Co  concentrations  after  0- 
annealing  is  shown  in  Fig.  6.  Note  that  this  composition  was 
found  to  be  the  highest  in  thermoelectric  power  among  the  speci¬ 
mens  examined  in  the  present  work  as  shown  in  Fig.  5.  The 
thermoelectric  power  undergoes  a  change  from  positive  to  nega¬ 
tive  values  for  a  wide  range  as  Co  concentration  increases.  For 
the  purpose  of  clarifying  the  influence  of  Co  concentration,  ther¬ 
moelectric  power  at  573K  as  a  function  of  Co-concentration  in 
(Fe,Co)(Si,3  A1)2-1Cu  is  summarized  in  Fig.  7.  As  the  Co  con¬ 
centration  increases,  thermoelectric  power  decreases  in  the  range 
of  p-type  at  first,  however  with  more  than  3at%Co  dopings  it 
change  into  negative  in  value,  becoming  n-type,  and  its  absolute 
value  decreases  with  Co  concentration. 


(a)  (b)  (c) 


Fig.  4  A  proposed  mechanism  of  sintering  in  the  Fe-Si-Al  ternary  system. 

(a)  Green  Compact,  (b)  Formation  of  Al-liquid-phase  containing  much  of  Fe  and  Si  in  solution, 
through  which  Si  diffuses  into  Fe-particle.  (c)  Final  product  composed  of  e-FeSi  and  a-FeSi2. 
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Temperature  /  K 

Fig.  5  Thermoelectric  power  as  a  function  of  temperature 
for  Fe(Si,2Al)  and  Fe(Si,3Al)2  doped  with  and  with¬ 
out  lat%Cu  after  annealing  for  a  to  p  conversion  at 
1073K  for  200h. 


Temperature  /  K 


Fig.  6  Thermoelectric  power  as  a  function  of  temperature 
for  (Fe,Co)(Si, 3  Al),-lCu  with  various  Co-concentra¬ 
tions  after  the  annealing  for  a  to  P  conversion  at  1073K 
for  200h. 


It  is  concluded  from  Fig.  7  that  the  maximum  thermo¬ 
electric  power  of  p-type  specimen  is  resulted  by  doping  with 
3at%Al  and  lat%Cu,  and  that  of  n-type  is  for  doping  with 
3at%Al,  3at%Co  and  lat%Cu  within  the  specimens  examined 
in  the  present  work.  Therefore  it  is  shown  that  the  sintering  iron 
disilicides  using  elemental  powders  are  possible  and  that  the 
proper  composition  can  be  chosen  for  better  thermoelectric 
power.  However,  the  electrical  and  the  thermal  conductivity  for 
these  iron  disilicides  should  be  investigated  in  order  to  evaluate 
overall  thermoelectric  properties. 

Conclusions 

Sintering  of  iron  disilicides  with  various  compositions 
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Fig.  7  Thermoelectric  power  at  573K  as  a  function  of 
Co  concentration  in  (Fe,Co)(Si,3Al)2-lCu. 


are  attempted  using  elemental  powders  basically  in  the  Fe-Si- 
A1  ternary  system  with  some  quaternary  additions.  The  process 
of  sintering  has  been  observed  and  discussed,  and  then  thermo¬ 
electric  power  has  been  measured  as  a  function  of  temperatures 
to  see  the  effect  of  composition  of  the  iron  disilicides.  The  fol¬ 
lowings  are  the  conclusions  drawn; 

1 .  Fabrication  of  iron  disilicide  using  elemental  powders  becomes 
possible  with  A1  additions. 

2.  A  mechanism  of  sintering  in  the  Fe-Si-Al  ternary  system  was 
proposed  in  which  the  liquid  phase  plays  an  important  role  to 
accelerate  the  reaction  to  form  iron  disilicides. 

3.  Effect  of  ternary  and  quaternary  elements  on  the  thermoelec¬ 
tric  power  is  demonstrated  systematically.  It  is  found  that  the 
maximum  thermoelectric  power  of  p-type  specimen  is  resulted 
with  3at%Al  and  lat%Cu  additions,  and  that  of  n-type  is  3at%Al, 
3at%Co  and  lat%Cu  additions. 
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Abstract 

The  structure  of  the  semiconducting  ReSi2^  phase  formed  in 
binary  Rhenium  Silicide  thin  films  has  been  studied  using  X- 
ray  powder  diffraction.  The  films  were  deposited  by 
magnetron  cosputtering  onto  unheated,  oxidized  Si-wafers. 
Subsequent  annealing  results  in  crystallization  of  the 
amorphous  films.  By  means  of  Rietveld  analysis  the  unit  cell 
dimensions  and  the  atomic  occupation  factors  of  the 
crystalline  phases  have  been  determined.  After  annaeling  the 
film  at  T=973K  a  ReSi2^-phase  phase  was  formed  the 
chemical  composition  of  which  has  been  determined  to  be 
ReSiit55.  Temperature  enhancement  gave  rise  to  increase  the 
occupation  factors  of  Si  resulting  in  an  chemical  composition 
of  ReSii^  at  T=1073K.  This  phase  crystallizes  with 
primitive  space  group  PI  and  a~0.3138nm,  b=0.3118nm, 
c=0.7688nm  and  a=89,83°. 

Introduction 

Among  a  large  variety  of  transition  metal  silicides,  most  of 
which  reveal  a  metallic  behaviour,  those  silicides  which 
possess  semiconducting  properties  occupy  a  special  place. 
They  have  been  considered  as  promising  materials  for  Si- 
based  optoelectronic  devices  [1]  and  interesting  thermo¬ 
electric  materials  [2J. 

Within  the  Re-Si  system  ReSi2^  is  a  narrow-gap 
semiconductor,  the  forbidden  gap  of  which  was  found  to  be 
0.12  eV  [3].  The  exact  stoichiometry  and  the  crystal  structure 
of  ReSi2.s  has  been  discussed  contradictory  in  the  literature 
with  0^8^  0.25  and  tetragonal,  orthorhombic  and 
primitive  unit  cell  respectively.  In  1941  Wallbaum  [4] 
reported  that  the  structure  of  this  phase  was  of  the  MoSi2 
type,  i.e.  space  group  I4/mmm  (tetragonal)  with  lattice 
parameters  a  =  0.3 13 1  nm  and  c  =  0.7676  nm  and  the  atomic 
positions  given  in  table  1  and  illustrated  in  fig.  1. 


X 

y 

z 

occ. 

Re 

0 

0 

0 

1 

Si 

0 

0 

0.333 

1/0.8  (Jorda) 

Table  1:  Atomic  positions  and  occupation  numbers  of  ReSi2 
given  by  Wallbaum  [4]  and  Jorda  at  al.  [5], 

Jorda  et  al.  [5]  indicated  a  tetragonal  unit  cell  with  a  = 
0.3 132  nm  and  c  =  0.7681  nm  but  an  occupation  number  of 


Fig.l: 

Crystal  structure 
of  tetragonal 
ReSi2 


Si  of  0.8,  i.e.  the  stoichiometry  of  the  rhenium  disilicide  is 
ReSii  ,8. 

Sigrist  et  al.  [6j  found  an  orthorhombic  space  group  (Immm) 
with  a=0.3128nm,  b=0.3144nm,  c=0.7677nm  and  the  same 
atom  positions  and  occupation  number  as  given  by 
Wallbaum. 

Gottlieb  et  al.  [7]  investigated  the  structure  of  the  ReSi2.s 
phase  by  means  of  single  crystal  X-ray  diflractometry  and 
found  an  breakdown  of  the  orthorhombic  symmetry  and 
transition  to  the  primitive  space  group  PI  as  a  result  of 
uncomplete  occupation  of  Si  positions  and  hence  caused 
marginal  deviations  of  the  atomic  coordinates,  which  are 
given  in  table  2  (see  fig.  2  for  the  illustration).  They 
determined  lattice  parameters  of  a  =  0.3138  nm,  b  =  0.3120 
nm,c  =  0.7670  nm,  and  a=89,90°. 


X 

y 

z 

OCC. 

Rel 

0 

0 

0 

1 

Re2 

0.5082(9) 

0.501(1) 

0.5181(3) 

1 

Sil 

0.511(4) 

0.529(4) 

0.870(2) 

1 

Si2 

-0.034(4) 

0.031(4) 

0.669(2) 

1 

Si3 

-0.044(6) 

-0.027(7) 

0.342(2) 

0.75 

Si4 

0.512(6) 

0.459(6) 

0.190(2) 

0.75 

Table  2:  Atomic  positions  and  occupation  numbers  of  ReSii^s 
(space  group  PI)  given  by  Gottlieb  et  al.  [7]. 
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Knowledge  of  the  exact  crystal  structure  of  ReSi2_$  is 
necessary  in  order  to  understand  its  semiconducting  transport 
properties.  Assuming  an  ReSi2  stoichiometry  the  compound 
has  an  odd  electron  number  apparent  contradictory  with  the 
semiconducting  behaviour  as  follows  from  band  structure 
calculations  by  several  autors  [8,9],  Henceforward  the 
assumption  of  lattice  defects  such  as  grain  boundaries  was 
necessary  [10].  Gottlieb  et  al.  could  solve  this  inconsistencies 
providing  a  stoichiometry  of  ReSiijs  with  even  number  of 
electrons  in  the  formula  unit  of  single  crystals. 

It’s  the  aim  of  this  paper  to  determine  the  crystal  structure  of 
the  polycrystalline  ReSi2.s  -  phase  formed  in  binary  ReSix 
thin  films. 

Method 

The  structure  of  the  Rhenium  Silicide  thin  films  was  analysed 
by  means  of  X-ray  diffraction  and  following  Rietveld 
refinement.  The  Rietveld  method  [11]  refines  a  crystal 
structure  by  comparing  the  measured  diffraction  pattern  with 
that  calculated  from  a  known  crystal  structure. 

The  scattered  intensity  of  a  polycrystalline  sample  is  given  by 

(1)  y d  =  sLk\F k|  ^20,.  —  2@k)Pk  +  ybi , 

where  s  is  the  scale  factor,  K  represents  the  Miller  indices, 
hkly  for  a  Bragg  reflection,  Lk  contains  the  Lorentz, 
polarization,  and  multiplicity  factors,  20  is  the  Bragg  angle, 
PK  is  the  preferred  orientation  function,  Fk  is  the  structure 
factor  for  the  Kth  Bragg  reflection,  andy*,  is  the  background 
intensity  at  the  /th  step  (see  [12]  and  for  the  application  of  the 
method  to  thin  films  [13]).  The  structure  factor  FK  is  given  by 

(2)  =  Z  N/j  exP[2  mfa  +  ty  +  /z,)]  exp[-A/,] 

where  h,  k ,  and  /  are  the  Miller  indices,  xp  yp  and  z,  are  the 
position  parameters,  j£  are  the  atomic  scattering  factors  of  the 
yth  atom  in  the  unit  cell,  M}  is  the  isotropic  temperature 


factor,  and  Nj  is  the  site  occupancy  multiplier  for  the  y  th  atom 
site. 

A  least-squares  refinement  is  used  to  optimize  the  structure 
parameters.  The  weighted  R  pattern  value 

X  -y*)' 


is  used  as  an  indicator  for  the  estimation  of  the  quality  of  the 
refinement,  whose  limit,  for  purely  statistical  fluctuations,  is 
for  N  observations  and  P  parameters 


(4) 


Rl*  = 


i*-P) 


where  Wi=l/y0  is  the  weighting  factor). 

The  method  allows  a  quantitative  phase  analysis  without  the 
use  of  standards,  on  the  assumption  that  the  phases  being 
refined  account  100%  of  the  specimen,  via  the  following 


relation  [14] 

(5)  W  =■* 


2>,(z*n 


i=l 

where  If  is  th  weight  fraction,  p  is  the  value  of  i  for  a 
particular  phase  among  the  N  phases  present,  5  is  the  refined 
scale  factor,  ZV/  is  the  weight  of  the  unit  cell  in  atomic 
weight  units,  and  V  is  the  volume  of  the  unit  cell. 


Experimental 

Sample  Preparation 

The  films  were  deposited  by  magnetron  co-sputtering  from 
pure  component  targets  onto  unheated  Si-wafers  with 
intermediate  lfim  thick  Si02  layer  in  order  to  prevent  a 
reaction  of  the  film  with  the  substrate.  The  film  thickness 
measured  by  means  of  a  Dectac  stylus  profilometer  was  140 
nm. 

The  composition  analysis  of  the  film  was  carried  out  by 
Rutherford  backscattering  spectroscopy  (RBS)  and  energy 
dispersive  X-ray  analysis  (EDXS)  to  be  ReSij  75  within  an 
accuracy  of  ±lat%. 

In  the  as-deposited  state  the  structure  of  the  film  was 
amorphous.  Phase  formation  was  achieved  by  subsequent 
heat  treatment  at  T  =  973  K,  1023  K,  and  1073  K 
respectively  under  reducing  atmosphere. 

X-ray  photoelectron  spectroscopy  (XPS)  has  been  applied  to 
investigate  contaminations  of  the  surface  with  Oxygen, 
Carbon,  and  Nitrogen.  A  Si-0(N)  layer  with  a  thickness  of 
3  nm  was  identified  at  the  surface  of  the  annealed  layers. 


XRD  Measurements 

X-ray  diffraction  patterns  were  recorded  by  means  of  a 
Philips  XTert  PW3050  (0-0)  diffractometer  with 

programable  divergence  slit  and  double  detector  arm  for  the 
selective  use  of  Bragg-Brentano  or  parallel  beam  secondary 
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art),  units 


optics  using  CoKa  radiation  (40kV,  40mA).  Grazing 
incidence  geometry  with  an  angle  of  incident  X-radiation 
with  the  sample  surface  of  Q=l°=constant  was  applied  to 
record  the  patterns  of  all  the  annealed  samples.  Additionally 
Bragg-Brentano  patterns  were  recorded  of  the  annealed  at 
T=1073K  layer  in  order  to  verify  the  results  of  Rietveld 
analysis.  The  patterns  were  recorded  in  the  range  of 
diffraction  angle  2©  between  20°  and  140°  with  a  step  size  of 
0.03°  and  a  counting  time  of  20  s  per  step. 

Results 

Figure  1  shows  the  resulting  diffraction  patterns  recorded  in 
grazing  incidence  geometry.  In  table  3  the  identified  phases 
are  summerized.  The  annealed  at  T=973K  layer  produces  the 
reflections  of  ReSi2-s  major  phase  embedded  in  residual 
amorphous  phase.  The  existence  of  the  latter  follows  from  the 
characteristic  broad  peak  at  about  51,0°(2©).  Annealing  at 
T=1023K  and  1073K  has  caused  additional  formation  of  Re 
the  amount  of  which  increases  with  increasing  annealing 
temperature.  In  the  same  manner  the  amount  of  amorphous 
phase  decreases.  However,  as  follows  from  the  Rietveld 
analysis  the  residual  amorphous  phase  is  not  disappeared  yet 
after  annealing  the  layer  at  T=1073K.  A  crystalline  Si  phase 
could  not  be  detected  at  all  the  investigated  samples. 


Fig.  3:  X-ray  diffraction  patterns  of  a  ReSii. 75  thin  film 
deposited  on  an  oxidized  Si- Wafer  and  subsequent  annealed 
at  T=973K,  1023K  and  1073K.  The  patterns  were  recorded 
with  grazing  incidence  geometry  using  CoKa  radiation. 


temperature 

973  K 

1023  K 

1073  K 

amorphous  phase 

X 

X 

X 

ReSi2.s 

X 

X 

X 

Re 

X 

X 

Si 

not 

detectable 

not 

detectable 

not 

detectable 

Table  3:  Results  of  qualitative  phase  analysis  by  means  of 
XRD. 


In  order  to  clear  up  the  unit  cell  dimensions  of  the  ReSi2.s 
phase  the  Rietveld  method  was  applied  to  the  annealed  at 
T=1073K  layer  using  the  orthorhombic  [6]  and  the 
monoclinic  unit  cell  [7]  with  fixed  atomic  positions  as 
structure  model.  In  the  Rietveld  procedure  lattice  parameters, 
background  parameters,  scaling  factor,  sample  displacement 
and  reflection  profile  parameters  were  refined. 


Fig.  4:  Final  Rietveld  plot  of  the  annealed  at  T=1073K 
ReSii  75  thin  film.  The  upper  trace  illustrates  the  oserved  data 
as  crosses,  while  the  calculated  pattern  is  shown  by  a  solid 
line.  Additionally  the  background  function  is  given 
describing  contributions  from  the  Si-wafer,  the  Si02 
intermediate  layer  and  the  residual  amorphous  phase  also. 
The  lower  trace  is  a  plot  of  the  difference,  observed  minus 
calculated  intensities.  The  vertical  markers  show  positions 
calculated  for  Bragg  reflections. 

In  Fig.  4  the  final  Rietveld  plot  of  the  diffraction  pattern 
recorded  in  Bragg  Brentano  geometry  calculated  on  the  basis 
of  Gottliebs  model  is  given.  The  background  was  refined 
using  a  4th  order  polynomial  in  2©  .  In  addition  three  broad 
peaks  were  refined  in  the  background  function  caused  by  the 
Si02  intermediate  layer  (20=25,5°),  by  the  residual 
amorphous  phase  (20=51,0°),  and  by  the  Si-wafer 
(20=82,64°).  In  table  4  the  resulting  R-values  are  given  in 
dependence  on  the  used  unit  cell  and  the  stoichiometry  of 
ReSi2.s. 


space  group 

stoichiometry 

Rwp 

R.xp 

S 

Immm 

(orthorhombic) 

ReSi2 

7,60 

3,60 

2,11 

PI  (monoclinic) 

ReSi2 

6,29 

3,60 

1,75 

PI  (monoclinic) 

ReSii. 78 

6,19 

3,60 

1,72 

Table  4:  Final  R-values  of  the  Rietveld  refinement  of  the 
ReSi|,75  pattern  after  annealing  at  T=1073K. 

The  best  agreement  between  observed  and  calculated 
intensities  was  observed  with  monoclinic  unit  cell  and  a 
refined  stoichiometrie  of  the  ReSi2.5  -  phase  of  ReSii, 78  in 
accordance  with  Gottliebs  results  of  single  crystal  structure. 
On  the  basis  of  this  unit  cell  the  diffraction  patterns  recorded 
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with  grazing  incidence  geometry  were  refined  yielding  the 
lattice  parameters  and  occupation  numbers  of  Si3  and  Si4 
atoms  given  in  table  5. 


973 

1023 

a  /  nm 

mn 

HI 

Em 

b  /  nm 

0,3120(1) 

EBsnn 

0,3118(1)  | 

c/  nm 

0,7689(1) 

0,7684(1) 

es n 

a/° 

89,89(4) 

89,97(3) 

89,83(3)  I 

NSi3/4 

0,55(4) 

KDBUiH 

stoichiometry  of 
ReSi2-s 

Table  5:  Lattice  parameters  and  occupation  numbers  of 
Si3/Si4  position  as  derived  from  Rietveld  refinement  on  the 
basis  on  a  monoclinic  unit  cell  of  ReSi^  -  phase. 


The  stoichiometry  of  ReSi2-s  in  the  annealed  at  T=973K  layer 
was  determined  to  be  ReSii^s  ,  that  means  the  phase 
formation  process  was  not  finished  yet.  However,  lattice 
parameters  do  not  differ  and  agree  with  the  given  one  by 
Gottlieb  et  al.  with  the  exception  of  the  c-axis  which  was 
determined  to  be  0.002nm  greater. 

The  phase  content  of  the  annealed  at  T=1073  K  layer  was 
analysed  quantitatively.  With  the  constraint  that  the  sum  of 
detectable  crystalline  phases  amounts  to  100at%  the  Rieveld 
analysis  gives  82at%  ReSij,7g  and  18at%  Re.  The  additional 
content  of  an  amorphous  phase  could  not  be  quantified  by 
this  method.  Using  the  known  stoichiometry  of  the  layer  and 
assuming  constant  stoichiometry  of  residual  amorphous 
phase  it  follows  a  phase  composition  of  crystalline  phases  of 
62at%ReSi,.-8  +  13at%Re  +  24at%Si  ,  that  is  82wt%ReSi,.78 
+14wt%Re  +  4wt%Si.  Calculating  the  diffraction  pattern  on 
the  basis  of  this  weight  fractions  it  was  shown  that  a  weight 
fraction  of  4wt%  of  Si  lies  below  the  detection  limit  of  the  X- 
ray  diffraction  method  as  a  result  of  the  low  atomic 
scattering  factor  of  Si  in  comparison  with  Re  and  ReSi],?8 . 

Discussion 

Rietveld  analysis  of  both  the  X-ray  diffraction  patterns  of  the 
annaeled  at  T  =  1073K  layer  recorded  with  Bragg-Brentano 
and  with  grazing  incidence  geometry  provides  evidence  the 
ReSh-s  -  phase  to  crystallize  with  8  =  0.22  and  primitive  unit 
cell  given  by  Gottlieb  et  al.  [4],  Additionally  to  the  ReSiU8 
major  phase  Re  and  residual  amorphous  phase  were 
identified  by  the  X-ray  diffraction  method.  The  Si  phase 
could  not  be  proofed  to  be  formed  because  of  its  weight 
fraction  below  the  detection  limit. 

After  annealing  the  film  at  a  temperature  of  T=973K  the 
phase  formation  process  of  the  ReSi2^  was  not  finished  yet 
resulting  in  additional  vacancies  of  the  Si3  and  of  the  Si.( 
atom  positions.  The  stoichiometry  of  ReSi2^  was  determined 
to  be  ReSii  ss.  Lattice  parameters  of  the  primitive  unit  cell  did 
not  differ  and  agree  with  the  given  one  by  Gottlieb  et  al.  with 
the  exception  of  the  c  axis  which  was  determined  to  be 
0.002nm  greater. 


The  crystallographic  results  resolve  the  contradiction  between 
the  odd  number  of  electrons  in  ReSi2  and  the  experimentally 
observed  semiconducting  behaviour.  Further  investigations  of 
the  crystallographic  structure  of  doped  ReSix  thin  films  are  in 
progress  in  order  to  clarify  the  position  of  doping  atoms 
possibly  arranged  at  the  vacant  Si  -  positions. 
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Abstract 

Iridium  Silicide  thin  films  were  prepared  by  means  of 
electron  beam  evaporation.  The  deposition  process  was 
monitored  by  measuring  the  deposition  rates  using  quartz- 
crystal  oscillators  and  the  temperature  at  the  rear  of  the 
substrate.  The  film  composition  was  determined  by  means  of 
energy  dispersive  X-ray  analysis  (EDX).  It  changes 
systematically  as  a  result  of  the  geometric  arrangement  of  the 
evaporators  and  of  the  substrate  permitting  the  preparation  of 
layers  with  continually  varied  range  of  stoichiometry  during 
one  deposition  experiment.  The  structure  of  the  layers 
becomes  amorphous  when  the  substrates  temperature  be¬ 
comes  lower  than  373  K  during  deposition  process.  The 
impurity  concentration  of  the  layers  was  determined  by 
means  of  mass  spectrometry  to  be  less  than  600  at. -ppm 
which  is  about  2  orders  of  magnitude  less  than  that  of  layers 
deposited  by  means  of  magnetron  sputtering. 

Introduction 

In  the  field  of  thermoelectric  materials,  the  semiconducting 
transition  metal  silicides  are  a  group  with  promising  potential 
of  applications  in  Si-based  devices  because  of  the 
compatibility  of  preparation  technology  [1].  Within  the  Ir-Si 
system  Ir3Si5  is  a  wide-gap  semiconductor.  The  optical  gap  of 
it  was  determined  to  be  1,56  eV  [2],  that  means  doped  with  a 
further  transition  metal  iridium  silicides  may  be  suitable  for 
the  use  at  high  temperatures  [3].  In  [4]  and  [5]  results  of  the 
structure  and  thermoelectric  properties  of  IrxSii.x  thin  films 
prepared  by  means  of  magnetron-cosputtering  have  been 
reported.  The  structure  of  the  as-deposited  films  has  been 
amorphous.  Subsequent  annealing  causes  start  of 
crystallization  at  a  temperature  of  T=960  K  and  formation  of 
Ir3Si5  and  Ir3Si4  at  Ir-enriched,  respectively,  Ir3Si5  and  IrSi3 
at  Si-enriched  samples  in  agreement  with  the  phase  diagram 
[6].  Additionally,  a  metastable  phase  was  found  to  exist  in  a 
small  range  of  temperature  from  960  K  up  to  1100  K  and  at 
film  compositions  of  0.3  <  x  <  0.4.  Measurements  of  the 
electrical  resistivity  in  low  temperature  range  [7]  gave 
activation  energies  of  about  0.08  eV  for  layers  with  Si- 
concentrations  of  64  at.%,  which  is  a  typical  value  for  a 
transition  metal  impurity  state  in  a  semiconductor. 

The  investigation  of  intrinsic  transport  properties  and  of  the 
influence  of  dopants  requires  the  dramatic  reduction  of  the 
impurity  concentration  which  is  limited  in  the  magnetron 
sputtering  process  by  the  use  of  a  sputtering  gas  (argon) 
partially  incorporated  into  the  film.  In  order  to  overcome  this 
problem  a  deposition  chamber  for  the  preparation  of  doped 


IrxSii_x  thin  films  by  means  of  electron  beam  evaporation  was 
realized  and  tested.  In  this  paper  we  report  for  first  time 
about  properties  of  undoped  binary  Iridium  Silicide  thin  films 
prepared  by  means  of  electron  beam  evaporation  in 
dependence  on  the  deposition  parameters. 

Experimental  results 

The  deposition  system  consists  of  a  chamber  of  50  cm  in 
diameter  equipped  with  sample  manipulator,  load  lock 
station,  two  electron  beam  evaporators  for  the  major 
components  Ir  and  Si  and  a  Knudsen  cell  for  thermal  effusion 
of  a  dopant  element.  Above  the  sources  in  vertical  direction 
there  are  placed  quartz-crystal  oscillators  (QCO)  for  the 
measurement  of  deposition  rates.  In  Figure  1  the  geometric 
arrangement  of  the  substrate  with  respect  to  the  evaporator 
cells  is  given.  Polished  coming  glass  plates  with  dimensions 
of  200  mm  x  400  mm  were  used  as  substrates.  The  chamber 
can  be  evacuated  to  ultra  high  vacuum  conditions  using  an 
ion-getter  pump.  The  control  units  permit  an  automatic  as 
well  as  a  manual  processing  of  the  layer  deposition 
controlling  the  power  of  the  cells. 


120  mm 


Fig.  1:  Schematic  view  over  the  set-up  for  film  preparation. 

For  the  test  of  the  preparation  unit  binaiy  Iridium  Silicide 
thin  films  were  prepared  by  codeposition  from  high  purity 
component  targets  (99,99%)  onto  inert  coming  glass.  In 
Table  1  power  of  sources,  processing  time,  quantities 
observed  by  QCO,  resulting  layer  thicknesses  determined  by  a 
tracing  stylus  profilometer,  and  Si-concentrations  of  three 
typical  films  are  given. 
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Tab.  1:  Deposition  and  film  parameters.  The  chemical  composition  varies  systematically  over  the  sample. 


quartz-crystal  oscillator  (QCO) 

Si-concen 

tration 

sample 

Ir- 

Si- 

time 

Ir- 

Si- 

Ir-rate 

Si-rate 

thick. 

average 

observed 

power 

power 

thickn. 

thickn. 

/ 

/ 

thickness 

by  EDX 

/kW 

/kW 

/  min 

/  nm 

/nm 

nm/min 

nm/min 

Si/Ir 

/  nm 

/  at.% 

1 

WfMM 

1.36 

15 

u 

50.5 

0.07 

BEBI 

46 

65 

93.5-96 

2 

ns 

1.31 

22 

73.6 

0.55 

msm 

6.1 

75 

64-72 

3 

2.14 

1.24 

25 

MSSM 

53.5 

0.84 

2.15 

2.5 

66 

39-48 

Fig.  2:  Recorded  thickness  deposited  on  the  QCO  as  a 
function  of  time.  The  ratio  of  Ir -/  Si-rates  can  be  used  as  a 
sensitive  parameter  to  adjust  the  chemical  composition  of  the 
films. 

In  Figure  2  the  film  thicknesses  monitored  by  QCO  during 
the  deposition  process  of  sample  2  are  given  as  a  function  of 
processing  time.  The  operational  principle  of  crystal- 
oscillators  first  explored  by  Sauerbrey  [8]  is  given  in  [9].  A 
thin  crystal  wafer  is  contacted  on  its  two  surfaces  and  makes 
part  of  an  oscillator  circuit.  The  ac-field  induces  thickness- 
shear  oscillations  in  the  crystal  whose  resonance  frequency  is 
inversely  proportional  to  the  wafer  thickness.  Mass  loading 
effects  in  addition  of  an  increment  to  the  thickness  and 
results  in  change  of  resonance  frequency.  The  temperature 
coefficient  of  frequency  (TCF)  of  the  quartz  is  related  to  the 
elastic  constants  and  has  positive  and  negative  terms  with 
respect  to  the  natural  crystal  axes.  Usually  the  crystals  are  cut 
into  a  direction,  where  the  TCF  terms  compensate  each  other. 
However  measurements  of  Phelps  [10]  have  shown  that  TCF 
increases  at  a  temperature  of  T>380  K  resulting  in  an  error 
during  thickness  determination  in  dependence  on  the 
temperature.  Hence  the  step  rise  in  thickness  at  t— 29  min  (see 
Fig.  2)  can  be  explained  by  the  temperature  decrease  caused 
by  shut  down  the  evaporator  cells. 

Recording  the  thickness  measurements  was  started  after 
optimization  of  preparation  parameters.  In  order  to  obtain 
stable  conditions  the  shutter  between  substrate  holder  and 
evaporation  sources  was  opened  after  a  waiting  time  of 


t=7min.  Fig.  2  clearly  reveals  the  constant  deposition  rates  of 
the  two  evaporators  due  to  the  linearity  in  the  given  plot. 
Hence  these  parameters  are  suitable  for  a  sensitive  deposition 
monitoring. 

After  calibration  the  ratio  of  Ir/Si-rates  can  be  used  for 
adjustment  of  chemical  composition  of  the  deposited  layers. 

Generally  the  resulting  film  thickness  condensed  onto  the 
substrate  is  not  given  by  numerical  addition  of  the  silicon  and 
iridium  thicknesses.  Since  the  measured  quantity  of  a  QCO  is 
the  accumulated  mass  of  deposit,  conversion  into  film 
thickness  requires  knowledge  of  the  material’s  density.  The 
latter  is  usually  lower  for  films  than  for  bulk  materials  but  is 
not  known  exactly.  Furthermore,  the  locations  of  the  sensor 
devices  and  of  the  substrate  with  respect  to  the  source  are 
different,  therefore  a  comparison  of  the  readings  observed  by 
quartz  crystal  oscillators  with  independently  measured  film 
thicknesses  on  the  substrates  are  necessary. 

Hence,  the  film  bordering  line  originated  from  substrate 
holding  device  shielding  from  vapour  was  analysed  ex-situ  by 
tracing  stylus  instrument  measuring  perpendicular  to  this 
line.  The  evaluation  of  the  height  profile  along  the  tracing 
length  of  750  pm  using  constant  force  mode  (30  mN)  only 
succeeds  by  background  levelling.  The  latter  is  necessary  due 
to  substrate  curvature  which  is  non-linear  as  a  general  rule. 
Measurements  were  done  five  times  in  order  to  reduce  the 
statistical  error.  In  that  way  the  thickness  distribution  given 
in  Fig.  3  was  investigated  as  a  function  of  location  on  the 
sample  relatively  to  the  evaporation  sources. 


Fig.  3:  Thickness  distribution  in  dependence  on  the 
deposition  arrangement. 


304 


16th  International  Conference  on  Thermoelectrics  (1997) 


The  maximum  of  layer  thickness  was  observed  near  the 
source  with  the  highest  evaporation  rate  which  was  the 
silicon  evaporator  in  this  case.  In  the  x-direction  between  the 
two  sources  a  continuous  thickness  gradient  of  about  1.1% 
per  1  cm  was  observed  whereas  perpendicular  to  that  in  y- 
direction  a  higher  slope  of  2.0%  per  cm  was  found.  For 
sample  2  the  average  film  thickness  was  observed  to  be  13% 
less  than  the  value  determined  by  QCO  (see  also  Tab.  1). 
These  deviations  are  caused  by  the  arrangement  factor  and 
materials  density,  which  could  not  be  determined  exactly. 
The  films  surface  roughness  was  observed  to  be  less  than  5 
nm,  which  is  acceptable  to  use  in  devices. 

Microprobe  analysis  (EDX)  was  carried  out  in  order  to 
determine  the  chemical  composition.  For  this  purpose  several 
films  were  simultaneously  deposited  on  glassy  carbon 
substrates  arranged  on  the  edge  of  the  sample  holder.  The  Si- 
concentration  profiles  of  various  samples  were  measured  and 
the  ranges  of  values  in  the  direction  between  the  two 
evaporation  sources  are  given  in  Tab.  1.  Linear  dependence 
on  the  local  position  with  respect  to  the  evaporators  were 
observed  showing  maximal  Si-concentrations  on  that  side 
where  the  Si-evaporator  was  situated.  For  further 
investigations  of  the  thermoelectric  behaviour  the  range 
between  60  and  70  at.%  Si  is  of  interest.  In  this  range  a 
concentration  gradient  of  about  8  at.%  Si  was  detected. 
Cutting  the  sample  into  stripes  perpendicular  to  the  gradient 
we  are  able  to  prepare  layers  of  3-5  mm  width  with 
continually  varied  range  of  stoichiometiy  during  one 
deposition  experiment.  Deviations  of  the  Si/Ir-ratio  in  x- 
direction  were  not  observed  within  the  margin  of  error. 

The  temperature  in  the  chamber  during  the  evaporation 
process  was  measured  using  a  thermocouple  fixed  at  the  rear 
of  the  sample  holder.  The  temperature  increases  proportional 
with  the  evaporation  time.  For  sample  2  a  slope  of 
temperature  versus  time  of  about  2.5  K/min  was  observed. 
This  was  caused  by  the  heat  radiation  originated  from  the 
evaporation  sources. 

All  as-deposited  films  were  analysed  by  means  of  the  X-ray 
diffraction  method  using  gracing  incidence  geometry  [11]. 
Sputtered  films  have  been  amorphous  in  the  as-deposited 
state,  because  the  temperature  of  the  films  during  the 
sputtering  process  is  lower  than  350  K  in  general.  Using 
electron  beam  deposition  a  few  samples  have  shown  small 
amounts  of  crystalline  phases.  The  upper  diffraction  pattern 
in  Fig.  4  shows  additionally  to  the  diffuse  peaks  some  sharp 
reflections  caused  by  the  IrSi  monosilicide  structure.  Samples 
characterised  by  lower  maximum  temperature  of  T<373  K 
have  shown  completely  amorphous  structure  (lower  curve  in 
Fig.  4).  In  order  to  make  the  results  of  sputtered  films  and 
electron  beam  evaporated  films  comparable  and  to  exclude  an 
influence  of  crystallized  non-stoichiometric  phases  on  the 
phase  formation  process  as  well  as  on  the  thermoelectric 
behaviour  the  temperature  controlling  was  used  to  prevent  a 
crystallization  during  the  preparation  treatment. 


Fig.  4:  X-ray  diffraction  patterns  of  samples  deposited  during 
various  temperatures.  (CuKa-radiation,  angle  of  incident  X- 
rays  with  sample  surface  Q.  =  4°  =  const.) 

A  spark  source  mass  spectrometer  MS  7  was  used  to  carry  out 
ex-situ  chemical  survey  analysis  for  impurity  elements  in 
order  to  check  the  effectivity  of  the  UHV-preparation  process 
in  comparison  with  the  sputtering  process.  In  Ref.  [12]  an 
universal  highly  sensitive  method  was  described  available  for 
examination  of  thin  films  simultaneously  for  all  elements  of 
the  periodic  table.  For  the  spark  source  mass  spectrometry 
(SSMS)  analysis  within  RF  single  spark  source,  a  fine  probe 
Ta-electrode  is  positioned  opposite  the  plane  shaped  sample 
electrode  which  contains  the  microvolume  that  is  to  be 
vaporized  and  ionized  by  discharge.  Limits  of  detection  of 
about  30  at. -ppm  are  due  to  the  dimension  of  the  area  that 
can  be  scanned  by  discharge,  which  is  about  1  cm2,  for  the 
exposure  of  one  mass  spectrum  [13].  Table  2  shows  the 
observed  impurity  concentrations  for  typical  species.  Ir  and  Si 
as  well  as  Ta  are  not  given  due  to  the  error  in  determination 
of  main  components  concentration  and  additionally 
contributions  of  Si  from  the  substrate  and  of  Ta  from  the 
electrode.  Corresponding  values  of  investigated  sputtered 
films  and  films  deposited  by  electron  beam  evaporation 
clearly  differ  from  each  other.  The  accuracy  of  single  values 
is  within  a  range  of  factor  3.  The  large  amount  of  Ar 
incorporated  in  the  sputtered  film  is  unequivocal.  The 
corresponding  value  for  the  UHV-deposited  film  can  also  be 
explained  by  the  existence  of  Ca-atoms  due  to  interference 
phenomena  with  the  Ar  isotope  in  mass  spectrometry. 
Generally  a  suppression  of  the  impurity  level  was  achieved. 
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Tab.  2:  SSMS-data  of  impurity  elements 


concentration  /  at.%  1 

element 

isotope 

sputtered  film 

UHV  deposited 

A1 

27 

3.8 

0.05 

K 

39 

0.05 

<  0.002 

Ar  /  (Ca) 

40 

3.7 

0.06 

Ti 

48 

0.006 

0.01 

Cr 

52 

0.07 

0.005 

Fe 

56,  57 

0.5 

<0.01  | 

Co 

59 

0.01 

0.007 

Ni 

60 

2.6 

0.01 

Cu 

63 

0.01 

0.01 

Mo 

98 

0.01 

0.006 

A§ _ 

107,  109 

0.3 

0.004 

Conclusions  and  preview 

A  deposition  chamber  was  realized  which  permits  the 
preparation  of  doped  clean  Ir-Si  thin  films.  The  composition 
can  be  varied  in  the  range  of  interest  by  controlling  the 
evaporation  process  with  in-situ  thickness  and  temperature 
monitoring.  The  geometric  arrangement  causes  gradients  of 
thickness  and  concentration  over  the  sample  size.  Hence 
thermoelectric  transport  properties  can  be  studied 
systematically  in  dependence  on  chemical  composition  of  the 
films.  Using  UHV-preparation  conditions  the  impurity  level 
was  reduced  to  an  order,  which  meets  the  requirements  for 
further  studies  of  the  intrinsic  properties. 
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Abstract 

The  relation  between  the  microstructure  and  the  thermal  and 
thermoelectric  behaviour  of  thermally  sprayed  p-  and  n-type 
FeSi2  has  been  investigated  in  order  to  identify  process 
variations  and  operation  conditions  to  obtain  good 
thermoelectric  properties.  For  comparison  of  materials  from 
different' spraying  techniques  hot  pressed  standard  material  is 
considered.  The  investigation  of  the  correlation  between  the 
thermal  and  electrical  properties  on  the  one  hand  and 
microstructural  features  on  the  other  hand  is  based  on  the 
measurements  of  transport  properties  (Seebeck  coefficient, 
thermal  diffusivity,  electrical  conductivity)  combined  with 
imaging  and  analytical  methods  (REM,  EDX,  XRD).  These 
are  recorded  during  a  step-wise  annealing  throughout  an 
overall  period  of  500  h. 

Introduction 

Thermoelectric  energy  converters  made  of  iron  disilicide  offer 
economically  attractive  solutions  for  supplying  electronic 
control  and  display  elements  in  systems  independent  of  mains 
connection  [1][2],  They  become  favourable  especially  when 
an  essential  heat  flux  occurs  over  a  large  temperature 
difference.  For  an  expansion  of  economically  advantageous 
applications,  automation-compatible  methods  for  low-cost 
production  of  thermoelectric  generators  with  a  high  output 
rate  are  required.  Here  thermal  spray  forming  may  be 
promising. 

Thermal  spraying  as  consolidation  process 
Thermal  spraying  is  a  well  established  processing  method  in 
surface  technology  for  producing  thermal  barriers  and 
corrosion-  or  wear-resistant  coatings.  From  the  variety  of 
thermal  spray  processes  we  have  chosen  plasma  spraying  (PS) 
for  the  consolidation  of  FeSi2  [3][4]. 

The  starting  material  consists  of  gas  atomised  FeSi2-powders 
doped  with  A1  (2.5  at%  of  Si  is  replaced  by  Al)  for  p-type  or 
with  Co  (5  at%  of  Fe  is  replaced  by  Co)  for  n-type, 
respectively.  The  powders  have  particle  sizes  of  about  70  pm 
in  diameter.  An  elementary  analysis  of  the  powder  gave  an 
oxygen  content  of  about  0.09  wt%  [5].  These  powders  are 
blown  into  a  plasma  jet  which  is  produced  by  an  electric 
discharge  in  a  gas  flow.  Due  to  the  thermal  expansion 
(temperatures  up  to  20000  K)  the  plasma  gains  a  velocity  up 
to  1000  m/s.  Therefore  the  powder  particles  are  heated  and 
partially  molten  by  the  hot  plasma,  accelerated  onto  a 
substrate  reaching  velocities  up  to  400  m/s,  and  finally  form  a 
bulk  material  with  a  flake-like  structure. 


In  order  to  aggravate  oxidation,  the  processing  was  carried  out 
under  low  pressure  (vacuum,  VPS)  or  with  a  gas  shielding 
around  the  plasma  jet  (shrouded,  SPS).  Nevertheless  an 
oxygen  content  of  0.20  wt%  in  SPS-  and  0.59  wt%  in  VPS- 
material  was  found.  Hot  pressing  as  a  standard  consolidation 
process  delivers  only  an  oxygen  content  of  about  0.17  wt% 
[5]. 


Figure  1:  REM-micrograph  of  SPS-FeSi2:Al,  as  sprayed: 
The  light  globuiitic  areas  consist  of  e-FeSi. 


Figure  2:  REM-micrograph  of  VPS-FeSi2:Co,  as  sprayed: 
Large  dark  areas  correspond  to  pores,  dark  lines  to  oxides. 
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Figure  3:  REM-micrograph  of  HUP-.^eSyAl,  tempered  for 
100  h  at  800  °C.  The  microstructure  shows  a  lower  porosity 
and  a  higher  homogeneity  than  thermally  sprayed  material. 


Figure  4:  REM-micrograph  of  SPS-FeSi2:Al,  tempered  for 
100  h  at  800  °C.  The  microstructural  curing  typical  for  a 
sintering  process  influences  the  thermoelectric  properties  as 
well. 

Microstructure  of  thermally  sprayed  FeSi2 
Hot  pressed  FeSi2  is  very  homogenous  (figure  3)  and  has  only 
a  low  porosity  of  about  2%  [5].  In  contrast  to  that,  on  a  REM- 
micrograph  of  the  thermally  sprayed  samples  separate 
particles  -  so  called  splats  -  can  be  distinguished.  The  figures 
1,  2  and  4  show  cross  sections  perpendicular  to  the  spraying 
direction  of  as-sprayed  material:  SPS  provides  a  distinctly 
coarser  structure  than  VPS.  An  interactive  image  analysis 
gives  a  porosity  of  5%  for  SPS  and  3%  for  VPS  [5]. 

The  different  phases  seen  in  the  REM-micrographs  have  been 
identified  by  an  EDX  analysis:  grey  areas  consist  of  FeSi2,  the 
smaller,  lighter  and  globulitic  phases  consist  of  e-FeSi.  Dark 
grey  areas  are  pores,  separations  or  oxides.  The  £-FeSi  and 
oxide  phases  reduce  the  suitability  for  thermoelectric 
applications  either  because  of  the  formation  of  electrical  short 
circuits  (decreasing  the  Seebeck  coefficient  S)  or  by  the 
deterioration  of  the  electrical  conductivity  a. 


Thermoelectric  characterisation  of  P-FeSi2 
Immediately  after  spraying,  FeSi2  exists  partially  in  the 
metallic  high-temperature  a-phase  (stable  above  950  °C)  [6] 
which  possesses  only  very  poor  thermoelectric  properties.  In 
order  to  convert  most  of  the  material  into  the  desired 
semiconducting  p-phase,  a  short  term  annealing  of  about  2  h 
at  800  °C  is  required.  The  thermoelectric  properties  of  plasma 
sprayed  samples  treated  this  way  are  compared  with  those  of 
uniaxially  hot  pressed  (HUP)  samples  as  a  standard  in  table  1. 


Processing 

SPS 

VPS  j 

Doping 

Al(p) 

Co  (n) 

Al(p) 

Co  (n) 

Seebeck  coeff.  S  (%hup) 

100 

97 

122 

103 

Electr.  cond.  a  (%hup) 

59 

39 

47 

69 

Therm,  diff.  D^  (%hup) 

42 

28 

78 

85 

Mass  density  p  (%hup) 

93 

97 

96 

99 

Table  1 :  Comparison  of  the  transport  properties  and  mass 
density  of  thermally  sprayed  and  uniaxially  hot  pressed 
FeSi2  after  2  h  annealing  at  800  °C,  normalised  by  taking 
the  corresponding  values  of  the  HUP-samples  as  100%. 

The  heat  capacity  of  the  samples  is  not  given  in  table  1,  as  it 
didn’t  vary  in  a  significant  way  with  the  consolidation 
processing.  In  accordance  with  the  higher  porosity  of  the 
thermally  sprayed  samples  (visible  from  the  REM- 
micrographs)  we  found  their  mass  density  also  decreased  by 
about  5%. 

Except  for  the  Al-doped  VPS-material  the  Seebeck 
coefficient  is  almost  unaffected  by  the  consolidation  process. 
The  increase  of  S  for  the  p-type  VPS-sample  indicates  a  loss 
of  electronically  effective  doping.  However,  by  means  of 
Hall  measurements  we  didn’t  find  any  significant  difference 
in  the  charge  carrier  density  of  Al-doped  VPS-samples  (as 
sprayed)  and  HUP-samples  (2  h  annealed  at  800  °C)  made  of 
identical  powders.  From  further  investigations  we  expect  to 
see,  whether  dopant  diffusion  shows  an  effect  on  the  Hall 
coefficient  during  short  and  long  term  annealing  at  800  °C. 
The  electrical  conductivity  a  and  the  thermal  diffusivity 
of  plasma  sprayed  samples  are  much  smaller  than  the 
corresponding  values  for  hot  pressed  material.  This  is  due  to 
the  different  microstructure  which  shows  a  higher  porosity 
and  numerous  separations  between  the  splats  in  plasma 
sprayed  samples.  Nevertheless  it  is  remarkable  that  for  VPS 
the  thermal  diffusivity  of  both  p-  and  n-type  samples  reduces 
to  about  80%  of  the  HUP  values,  whereas  the  electrical 
conductivity  lowers  to  about  50%^  for  p-type  and  70%HUP 
for  n-type.  On  the  other  hand,  for  SPS  the  thermal  diffusivity 
is  more  decreased  than  the  electrical  conductivity  a. 
Therefore  in  the  case  of  SPS  the  figure  of  merit  Z  =  S 2  a  /  k 
(with  thermal  conductivity  k  =  p  cp  D^)  is  increased  to 
156%HUp  for  p-type  and  to  133%hup  for  n-type,  respectively. 
In  contrast  to  that,  for  the  VPS-samples  the  figure  of  merit  is 
slightly  decreased  to  97%HUP  for  p-type  and  to  86%hup  f°r  n_ 
type.  The  stronger  deterioration  of  the  electrical  conductivity 
indicates  a  dopant  loss  during  the  VPS-consolidation 
process,  which  mainly  impairs  the  electrical  conductivity 
and  leaves  the  thermal  conductivity  nearly  unaffected. 
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Figure  5:  Ageing  behaviour  of  SPS-  and  VPS-material: 
Relative  change  of  thermal  diffusivity  and  electrical 
conductivity  a  during  annealing  at  800  °C. 


Furthermore  the  high  oxygen  content  in  VPS-samples 
promotes  the  formation  of  oxides  as  electrically  isolating 
particle  boundaries. 

Long  term  annealing 

The  differences  in  the  thermoelectric  performance  of 
materials  from  the  various  consolidation  processes  lead  to 
the  question  whether  a  stabilisation  of  the  thermoelectric 
properties  may  be  achieved  by  a  thermal  treatment.  The 
ageing  behaviour  of  the  samples  tempered  at  800  °C  for 
500  h  differs  strongly  in  correspondence  with  the 
manufacturing  method. 

The  heat  capacity,  density  and  Seebeck  coefficient  of  all 
samples  didn’t  change  in  a  significant  way.  Therefore  the 
change  of  the  thermoelectric  figure  of  merit  is 
predominantly  determined  by  the  ratio  of  the  electrical 
conductivity  to  the  thermal  diffusivity.  For  clearness  we 
choose  a  presentation  of  the  results  where  the  transport 
properties  at  2  h  annealing  time  are  taken  as  100%  and  the 
following  annealing  steps  are  normalised  according  to  this 
value.  From  the  data  sets  thus  resulting  from  measurements 
at  100  °C,  200  °C  and  300  °C  for  a  and  further  up  to  800  °C 
for  Dth,  we  finally  took  the  mean  curve.  The  overall 
annealing  behaviour  didn’t  vary  significantly  for 
measurements  taken  at  different  temperatures. 

The  ageing  behaviour  of  SPS-  and  VPS-samples  is  given  in 
figure  5.  The  results  can  be  summarised  as  follows: 

1.  Hot  pressed  samples  with  either  A1  or  Co  doping  do  not 
change  their  electrical  and  thermal  conductivities  within  a 
limit  of  about  5%. 

2.  All  samples  show  an  increase  in  the  thermal  diffusivity 
which  is  typical  for  a  sintering  process.  The  enlargement  is 
only  very  small  in  the  case  of  HUP  (about  1%)  and  is  most 
significant  in  the  case  of  SPS  (16%  for  Al-  and  25%  for  Co¬ 
doping);  for  VPS  the  change  of  is  in  between  these  two 
limits  (about  10%).  This  behaviour  corresponds  very  well  to 
the  different  microstructure  of  the  samples:  SPS  gives  the 
coarsest  structure  and  thus  possesses  the  largest  capability 
for  microstructural  curing.  The  curing  of  microstructural 
separations  can  also  be  observed  in  the  REM-micrographs  - 
compare  figures  1  and  4. 

3.  The  change  of  the  electrical  conductivity  is  different  for 
Al  and  Co  doped  samples.  For  Al  doping  a  generally 
decreases  with  progressive  annealing.  This  decrease  is 
smallest  for  HUP  (only  less  than  5%)  and  largest  for  VPS 
(more  than  30%);  for  Al-SPS  the  decrease  is  about  20%.  We 
suggest  that  the  large  decrease  of  a  for  VPS  can  be 
explained  by  the  high  oxygen  content  in  VPS  samples  which 
leads  to  the  formation  of  A1203  during  the  annealing  process 
and  thus  effects  a  reduction  of  the  charge  carrier  density.  A 
corresponding  increase  of  the  Seebeck  coefficient  during 
annealing  could  not  yet  be  proved. 

It  is  remarkable  that  for  Co-doped  SPS  the  electrical 
conductivity  increases  to  about  125%  at  an  annealing  time  of 
100  h  and  afterwards  decreases  to  a  110%  level  at  500  h. 
This  initial  increase  of  a  corresponds  pretty  good  to  the 
increase  of  which  could  be  well  understood  as  a  result  of 
microstructural  curing.  For  an  annealing  time  longer  than 


309 


16th  International  Conference  on  Thermoelectrics  (1997) 


100  h  the  geometrical  effect  of  material  curing  is  apparently 
overlapped  by  some  process  which  causes  a  reduction  of  the 
charge  carrier  density. 

4.  The  thermoelectric  properties  of  the  Co-doped  VPS- 
samples  are  almost  as  stable  as  those  of  the  corresponding 
HUP-samples. 

5.  Although  the  figure  of  merit  decreases  with  progressive 
annealing  according  to  the  ratio  cr/D^,  its  absolute  value  for 
SPS  after  500  h  annealing  is  still  higher  than  for  HUP  after  a 
2  h  heat  treatment:  For  p-type  SPS-material  Z  was  in  the 
order  of  105%HUP  2h,  for  the  corresponding  n-type  material  Z 
even  reached  117%HUP,2h*  There  will  be  further 
investigations  in  order  to  find  the  asymptotic  behaviour  of  Z. 

Correlation  between  microstructure  and  activation 
energy  for  the  a->P-phase  transition 
The  transition  between  a-  and  P-phase  is  accompanied  by  an 
exponential  decrease  of  the  thermal  diffusivity  that  can 
be  observed  in-situ  by  a  laser  flash  technique.  In  our 
investigations  we  found  a  delay  of  up  to  !4  h  preceding  the 
actual  phase  transition;  this  delay  possibly  results  from 
microstructural  relaxation  and  diffusion  due  to  the 
stoichiometric  deviation  between  a-  and  p-phase.  The  slope 
of  the  exponential  decrease  of  determines  the  reaction 
rate.  From  the  temperature  dependence  of  the  reaction  rate 
we  receive  an  estimate  of  the  total  activation  energy  for  the 
phase  transition  by  means  of  an  Arrhenius  plot.  For  a  Co¬ 
doped  VPS-sample  we  find  an  energy  of  about  70  kJ/mol, 
which  is  only  about  one  third  of  the  corresponding  value  for 
SPS-material  [7].  This  difference  indicates  that  the  measured 
activation  energies  cannot  be  explained  only  by 
thermodynamical  arguments  but  also  by  microstructural 
effects  depending  on  the  material’s  processing. 

Short  term  annealing  at  high  temperature 

From  a  technological  point  of  view  it  is  interesting  to  know 
whether  a  fast  microstructural  curing  without  an  impairment 
of  the  thermoelectric  properties  can  be  achieved  by  an 
annealing  process  at  a  high  temperature  above  1000  °C.  In 
this  sense  we  studied  the  behaviour  of  a  Co-doped  VPS- 
sample. 

We  started  with  a  20  h  annealing  at  about  800  °C  and 
received  an  increase  in  the  thermal  and  the  electrical 
conductivity  in  the  order  of  about  10%.  After  that  we  kept 
the  sample  for  2  h  at  1000  °C  and  subsequently  for  2  h  at 
800  °C.  The  entailed  transition  to  the  a-phase  and  back  to 
the  P-phase  caused  a  further  small  increase  of  the  thermal 
diffusivity  and  even  a  doubling  of  the  electrical  conductivity. 
The  latter  could  be  explained  by  a  reduction  of  P-FeSi2  in 
favour  of  iron  monosilicide  (e-FeSi),  which  we  observed  in 
an  XRD  measurement. 

This  change  of  the  phase  constitution  could  not  be  reversed 
even  by  a  long  term  annealing  of  more  than  400  h  at  800  °C. 
The  large  share  of  metallic  s-FeSi  leads  to  a  massive 
deterioration  of  the  Seebeck  coefficient  and  thus  strongly 
reduces  the  suitability  of  the  material  for  thermoelectric 
applications. 


Conclusions 

Thermally  sprayed  iron  disilicide  possesses  clearly  different 
thermoelectric  properties  than  the  uniaxially  hot  pressed 
standard  material.  Both  the  thermal  diffusivity  and  the 
electrical  conductivity  are  essentially  reduced  for  thermally 
sprayed  samples  because  of  the  disturbed  microstructure  on 
the  one  hand  and  an  oxygen  incorporation  during  the 
consolidation  process  on  the  other  hand. 

A  fast  curing  of  the  microstructure  by  a  high  temperature 
treatment  above  1000  °C  leads  to  an  irreversible  decrease  of 
FeSi2  in  favour  of  FeSi  and  thus  provides  material  unsuitable 
for  thermoelectric  applications. 

The  long  term  annealing  at  800  °C  causes  a  microstructural 
curing  and  thus  an  increase  of  the  thermal  diffusivity. 
Furthermore  we  observe  a  decrease  of  the  electrical 
conductivity  for  all  Al-doped  samples  -  HUP  included.  To 
obtain  p-type  material  with  a  better  stability  other  dopants 
will  be  tested  -  presumably  Mn  [8].  The  Co-doped  thermally 
sprayed  samples  are  almost  as  stable  as  the  hot  pressed 
standard  material. 
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Abstract 

The  thermoelectric  properties  of  hot-pressed  Fe0  91Mn0  09Si2 
(mean  diarneter:Dm=5-10prn)  were  measured  with  changing 
the  powder  treatment.  In  order  to  improve  the  thermal  con¬ 
ductivity  and  the  electrical  conductivity,  carbon  (0,  1  and 
2wt%,  Dm=0.02-0.3pm)  was  added  and  the  mechanofusion 
process  was  used.  The  mechanofusion  process  can  produce 
composite  powders  with  high  shear  stress  and  compressive 
force,  allowing  a  more  homogenious  compact  to  be  fabri¬ 
cated.  As  a  result,  the  thermal  conductivity  was  remarkably 
improved  in  this  system.  EPMA  analyses  showed  that  ex¬ 
tremely  fine  particles  of  carbon  were  dispersed  along  grain 
boundaries  without  aggregation.  However,  the  electrical 
conductivity  decreased  in  this  case.  This  is  probably  be¬ 
cause  the  electrical  resistivity  of  carbon  black  is  very  high. 
However,  when  graphite  are  added,  the  MF  process  would 
be  very  effective  to  improve  the  figure  of  merit,  because 
the  process  can  increase  the  grain  boundary  with  additives 
and  improves  the  electrical  conductivity. 

1.  Introduction 

Thermoelectric  materials  have  been  recently  investigated 
in  various  systems.  In  particular,  the  iron-disilicide  system 
is  an  attractive  system,  because  the  system  can  be  used  in 
the  air  at  a  high  temperature  owing  to  the  superior  oxida¬ 
tion  resistance  and  the  harmless  and  cheap  raw  materials 
[1-5]. 

In  the  iron-disilicide  system,  |3-FeSi2  phase  has  thermoe¬ 
lectric  properties,  but  a-FeSi2  and  e-FeSi  phases  are  metal¬ 
lic  and  they  don’t  have  thermoelectric  properties  [6,7]. 

P-FeSi2  is  generally  produced  by  a  powder  metallurgy 
method  because  it  is  very  brittle  and  the  method  can  de¬ 
crease  the  thermal  conductivity  of  the  material  [8-10].  In 
the  sintered  material  ,  the  state  of  grain  boundaries  is  an 
important  factor  because  it  affects  the  electrical  and  ther¬ 
mal  conduction.  When  adding  fine  particles,  it  is  necessary 
to  avoid  their  aggregations  and  disperse  them  homogene¬ 
ously. 

The  mechanofusion(MF)  process  is  known  as  a  dry  pow- 
der-coating-process  [11-13].  Fig.l  shows  a  schematic  dia¬ 
gram  of  the  MF  system  used  in  this  study.  The  system  con¬ 
sists  of  a  motionless  shaft  and  a  circular  chamber  rotating 
at  a  high  speed. 

While  the  chamber  is  rotating,  the  powder  is  compressed 
into  the  clearance  of  the  inner  piece  and  receives  compli¬ 
cated  forces  in  various  states,  such  as  compression,  attri¬ 
tion,  shearing,  and  rolling  [14].  After  the  compression,  the 
processed  powder  is  dispersed  by  the  scraper.  These  ac¬ 
tions  are  repeated  during  the  chamber  rotations.  Conse¬ 
quently,  the  surface  state  of  particles  is  modified  [15-19]. 


In  this  study,  using  this  mechanism,  composite  powders 
were  produced  so  that  the  grain  boundary  state  of  the  sin¬ 
tered  compacts  can  be  changed.  The  effect  of  the  powder 
treatment  by  the  MF  treatment  on  thermoelectric  properties 
is  investigated. 


Fig.l  Schematic  diagram  of  mechanofusion  system 
(The  gray  part  is  made  of  SiC,  and  the  other  part 
is  made  of  stainless  steal.) 

2.  Experimental  procedure 

Fe,  Si  and  Mn  were  weighed  in  the  ratio  of  Fe0  91Mn0.o9Si2 
composition,  and  melted  in  a  high-frequency  induction 
furnace.  The  produced  alloy  were  crushed  in  an  alumina 
mortar,  and  then,  they  were  ground  to  powders(mean  di- 
ameter=5-8pm)  with  a  planetary  ball  mill. 

Carbon  fine  particles(mean  diameter=0.02-0.3pm)  were 
added  in  the  ratio  of  xwt%(x-0,  1,  2)  and  mixed  in  an  alu¬ 
mina  mortar  for  about  30min.  This  procedure  prevents  the 
fine  particles  from  being  blown  up  by  the  centrifugal  force 
and  from  being  accumulated  on  the  arms  of  the  shaft  at  the 
early  stage  of  the  MF  process. 

These  powders  were  treated  by  the  MF  process  for  lhr  at 
900rpm.  The  inner  wall,  the  inner  piece  and  the  scraper 
were  made  of  SiC.  The  clearance  between  the  inner  piece 
and  the  inner  wall  was  about  2mm,  and  the  clearance  be¬ 
tween  the  scraper  and  the  inner  wall  was  about  1mm.  The 
temperature  was  measured  by  a  thermocouple  placed  inside 
the  end  of  the  inner  piece  [20].  Some  powders  were  pre¬ 
pared  by  just  being  mixed  in  an  alumina  mortar  for  about 
30min,  without  the  MF  process. 

Each  obtained  powder  was  hot-pressed(HP)  by  lg  with  a 
carbon  die  under  a  pressure  of  25MPa  for  one  hour  at 
1173K  in  a  vacuum  of  1  X  10'2Pa.  The  phases  existing  in 
the  obtained  sintered  compacts  were  determined  by  XRD 
and  the  microstructures  of  the  compacts  were  observed  by 
SEM. 

The  thermoelectric  power  and  the  resistivity  were  simul¬ 
taneously  measured  with  the  temperature  deference  of  less 
than  5K  between  both  ends  in  the  temperature  range  be- 
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tween  400  and  1173K  in  an  Ar  atmosphere.  The  thermal  the  grain  growth  when  it  is  well  dispersed, 
conductivity  was  measured  by  a  laser-pulse  method  be¬ 
tween  300  and  1173K.  Fig.4  shows  the  temperature  dependence  of  the  electrical 

resistivity. 

3.  Results  and  discussions  Contrary  to  our  expectation,  the  MF  process  increased  the 

Fig. 2  shows  secondary  electron  micrographs  and  C-Ka  electrical  resistivity  though  there  was  no  change  in  the 

images  of  the  hot  pressed  Fe0  91Mn0  0gSi2-lwt%C  samples.  It  non-carbon  sample.  A  possible  reason  for  these  phenomena 

is  found  that  with  the  MF  treatment:(a)(b),  C  particles  are  is  that  the  electrical  resistivity  of  the  carbon  was  higher 

almost  homogeneously  dispersed  along  the  grain  bounda-  than  that  of  FeSi2. 

ries  and  the  size  of  aggregation  is  smaller  than  three  mi-  Carbon  black  was  used  as  an  additive  in  this  study.  Its 
crometers.  Without  the  MF  treatment:(c)(d),  on  the  other  electrical  resistivity  is  dependent  on  the  production  proc- 
hand,  the  size  of  aggregation  is  much  larger.  ess. 

Without  the  MF  treatment,  the  electrical  resistivity  did  not 
Fig. 3  shows  the  temperature  dependence  of  the  thermal  increase  very  much  in  the  lwt%C  sample.  With  the  MF 

conductivity.  As  shown  in  this  figure,  the  addition  of  car-  treatment,  it  significantly  increased  even  in  lwt%C  sample, 

bon  only  does  not  decrease  the  thermal  conductivity  very  and  increased  further  in  the  2wt%C  sample, 

much.  However,  the  addition  of  carbon  with  the  MF  proc-  It  seems  that  the  dispersion  of  carbon  by  the  MF  process 

ess  decreases  the  thermal  conductivity  significantly.  had  a  bad  effect  on  the  electrical  resistivity.  These  results 

do  not  contradict  the  hypothesis  that  electrical  resistivity  of 
These  results  indicates  that  the  phonon  scattering  mainly  the  carbon  used  was  too  high, 
occurs  at  the  grain  boundaries.  The  MF  treatment  restrains  The  electrical  resistivity  of  graphite  is  about  one  thousand 

the  grain  growth,  increasing  the  amount  of  grain  bounda-  times  smaller  than  the  carbon  black.  Therfore,  when  graph- 

ries.  ite  is  used  as  an  additive,  the  electrical  resistivity  might  be 

The  MF  process  decreased  the  thermal  conductivity  ex-  reduced  [21]. 
tremely  even  in  the  lwt%C  sample.  However,  carbon  more 
than  lwt%  didn’t  reduce  the  thermal  conductivities  further. 

This  result  indicates  that  lwt%  carbon  is  enough  to  prevent 


Fig.2  Secondary  electron  image  and  X-ray  image  of  C-Ka  of  sintered  Fe0  91Mn0  09Si2-lwt%C. 
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Fig-4  Temperature  dependence  of  electrical 
resistivity  of  Fe091Mn009Si2+*wt%C 


Fig.5  shows  the  temperature  dependence  of  the  thermoe¬ 
lectric  power.  The  MF  process  didn’t  affect  the  thermoe¬ 
lectric  power  very  much  for  the  carbon  added  samples, 
because  the  amount  of  added  carbon  was  small. 

As  shown  in  Fig.5,  the  MF  process  decreased  the  ther¬ 
moelectric  power  of  the  non-carbon  sample.  However,  the 
reason  of  the  decrease  is  still  unclear. 


However,  when  graphite  are  added,  the  MF  process  would 
be  very  effective  to  improve  the  figure  of  merit,  because 
the  process  increases  the  grain  boundary  with  additives  and 
can  improve  the  electrical  conductivity. 


Fig.5  Temperature  dependence  of  thermoelectric 
power  of  Fe0  91Mn0  09Si2+xwt%C 


Fig. 6  Temperature  dependence  of  firgure  of 
merit  of  Fe0  91Mn0  09Si2+jc  wt%C 


Fig.6  shows  the  temperature  dependence  of  the  figure  of 
merit  calculated  by  the  following  equations. 

Z=a2/p/K . 

The  figure  of  merit  was  not  improved  by  the  MF  process 
because  the  electrical  resistivity  was  increased  due  to  the 
high  resistivity  of  carbon  black. 

As  a  consequence,  it  was  only  thermal  conductivity  that 
the  MF  process  was  able  to  improve. 


4.  Summary 

(1)  The  mechanofusion  process  allows  carbon  particles  to 
be  dispersed  homogeneously  along  the  grain  boundaries  of 
sintered  compacts. 

(2)  The  dispersion  of  an  additive  by  the  mechanofusion 
process  restrains  the  grain  growth  and  decreases  the  ther¬ 
mal  conductivity. 
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(3)  The  mechanofusion  process  was  not  sble  to  improve  the 
thermoelectric  power  and  the  electrical  resistivity  because 
of  the  high  resistivity  of  carbon  black.  However,  when 
graphite  are  added,  the  MF  process  would  be  very  effective 
to  improve  the  figure  of  merit,  because  the  process  increase 
the  grain  boundary  with  additives  and  improve  the  electri¬ 
cal  conductivity. 
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Abstract 

While  melt-cast  FeSi2  requires  careful  heat-treatment  of 
homogenization  and  phase  transformation  to  achieve  ther¬ 
moelectric  p-phase,  the  mechanical  alloying(M/A)  and 
sintering  method  is  expected  to  simplify  the  process.  By  using 
the  M/A  method  with  elementary  Fe  and  Si  coarse  powders, 
very  fine  powders  consisting  of  FeSi-  and  Si-phases  were 
obtained.  Especially  when  excess  Si  was  deliberately  intro¬ 
duced  in  the  starting  materials,  the  desired  microstructure 
containing  finely  distributed  Si-phase  in  the  matrix  of  p-FeSi? 
was  produced  by  subsequent  sintering.  The  volume  fraction  of 
dispersed  Si-phase  could  be  controlled  within  a  range  of 
0.26-0.38  by  varying  the  excess  Si  content.  The  shape  of  the 
dispersed  the  Si  phase  was  something  like  the  coral  colony  of 
fine  finger-shaped  protrusions  (diameter  £  0.5/zm  and  length 
<  3//m  ).  The  size  and  volume  fraction  of  the  Si-phase  in  the 
p-FeSi2  matrix  was  analysed  being  effective  in  controlling 
the  thermal  conductivity  of  the  sintered  mass  due  to  the 
phonon  scattering. 

Introduction 

Various  research  efforts  have  been  made  to  improve  the 
figure  of  merit  by  reducing  thermal  conductivity  without  any 
significant  losses  in  the  electrical  conductivity  and  thermoe¬ 
lectric  power  which  are  directly  related  to  a  carrier  concentra¬ 
tion.  Research  has  shown  that  the  effects  of  solid  solution[l] 
and  second  phase  dispersion[2]  for  Bi2Te3-based  materials, 
grain  refinement[3]  and  fine  particle  dispersion[4]  for  SiGe 
compounds  are  all  regarded  as  desirable  approaches. 

P-FeSi2  was  reported  to  have  relatively  high  thermoelectric 
properties  over  a  wide  range  of  temperatures  from  200  “C  to 
600  "C  together  with  good  thermal  and  chemical  stability  in 
that  temperature  range.  [5]  It  also  has  the  merit  of  low  cost  of 
fabrication  compared  to  other  high  temperature  thermoelec¬ 
trics.  According  to  the  phase  diagram  of  a  Fe-Si  system, 
several  phases  are  present  with  changes  of  composition  and 
temperature,  which  makes  it  difficult  to  obtain  pure  (3-FeSi2 
phase  material.  In  reality,  a  fine  eutectoid  (mixed)  structure 
consisting  of  (3-FeSi2  and  Si  phases  are  formed  during  the 
preparation  of  this  compound.  [6]  The  finely  dispersed  com¬ 
posite  of  p-FeSi2  and  Si  phases  can  hopefully  be  exploited  to 


improve  thermoelectric  properties  by  inducing  an  effective 
phonon  scattering  in  the  material.  [7,8] 

P-FeSi2  phase,  conventionally  produced  through  several 
stages,  such  as  melting,  casting,  powder  production,  sintering, 
and  subsequently  prolonged  heat  treatments.  The  recently 
reported  mechanical  alloying  method  (M/A)  was  found  to  be 
suitable  for  the  production  of  Fe-silicide  powders  by  applying 
mechanical  energy  to  the  mixture  of  elemental  Fe  and  Si 
powders.  [9, 10]  Alloyed  powders  obtained  by  this  technique 
contained,  various  phases  besides  the  P-FeSi2  phase.  There¬ 
fore,  it  is  significant  to  find  optimum  sintering  conditions 
which  convert  effectively  non-thermoelectric  phases  into  p- 
FeSi2  phase,  or  maintain  the  P-FeSi2  phase  as  much  as 
possible.  And  it  is  also  expected  that  the  variation  in  initial 
compositions  as  well  as  sintering  conditions  may  be  effective 
in  controlling  the  dispersibility  of  the  fine  Si  phase  in  the 
final  microstructures. 

By  sintering  below  the  stable  temperature  (937  °C)  of  the 
P-FeSi2  phase  in  the  phase  diagram,  a  sound  body  of  p-type 
FeSi2  having  a  high  sintered  density  (>  95%  of  theoretical 
value)  was  obtained.  In  this  case,  sintering  was  carried  out  by 
the  Pressurized-Resistance-Sintering  technique;  a  simultane¬ 
ous  application  of  high  pressure  and  high  density  direct 
current  through  the  die  assembly  in  a  vacuum  chamber.  The 
detailed  procedures  are  described  elsewhere.  [11]  The  sinter¬ 
ing  temperatures  were  controlled  to  find  the  changes  in  size 
of  dispersed  Si  phases  in  the  matrix.  Measured  thermoelectric 
properties  at  high  temperatures  as  well  as  at  room  tempera¬ 
ture  were  investigated  in  conjunction  with  the  microstructural 
development,  such  as  the  size  and  volume  fraction  of  the 
dispersoids. 

Experimental 

M/A  was  carried  out  using  an  alumina  attrition  mill 
(volume  capacity:  500m£,  impeller  rotating  speed:  lOOOrpm) 
with  powder  mixtures  of  elemental  Fe(99.9%,  75—1 50;'ni)  and 
Si(>99.99%,  <150 jM).  The  analysis  of  the  powders  by  this 
method  revealed  a  final  compositions  of  (Feo.98Mno.o2)xSi2,  in 
which  x  is  a  controlled  variable(x=  0.7,  0.8,  0.9  and  1.0). 
Elemental  Mn  was  doped  during  the  M/A  to  obtain  p-type 
material.  Chemical  compositions  of  the  powders  (Table  1) 
were  examined  by  a  wet  chemical  analysis.  X-R-D  showed 
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that  the  powders  were  a  mixture  of  e-FeSi  and  Si  phases. 

Sintering  was  performed  at  temperatures  between  760  *C 
and  850*0  for  about  7  minutes  under  a  vacuum  atmosphere. 
It  took  about  two  minutes  from  room  temperature  to  reach  the 
pre-determined  sintering  temperature,  and  the  isothermal 
sintering  period  of  time  was  approximately  five  minutes.  Heat 
was  applied  by  a  high  density  direct  current  («280Amp) 
through  the  graphite  die  assembly  (RingsdorfF,  VI 364). 
During  the  sintering  cycle,  a  relatively  low  pressure  of  20 
MPa  applied  in  the  heating-up  period  was  switched  to  a  high 
pressure  of  50  MPa  as  soon  as  sintering  temperature  was 
reached,  this  was  held  until  cooling-down  to  room  tempera¬ 
ture. 


Table  1.  Chemical  compositions  and  particle  size  of  M/A 
powders. 


composition 

designation 

(Feo.98Mflo.o2)xSi2 

x=  1.0 

x  =  0.9 

oo 

© 

II 

•  X 

x  =  0.7 

chemical 

composition 

(at%) 

Fe 

32.78 

30.97 

28.41 

25.56 

Mn 

0.68 

0.71 

0.74 

0.67 

Si 

66.54 

68.32 

70.85 

73.77 

particle 

distribution 

mean 

particle 

size(fm) 

1.36 

1.60 

1.40 

1.21 

half-width 

(fan) 

0.69 

0.61 

0.78 

0.60 

30  50  70  90 

26 

Figure  1.  XRD  patterns  of  (a)  M/A  powders  and  (b)  sintered 
specimen.  [  composition :  (Feo.ssMno.o^ojSh  ] 


The  microstructures  of  the  sintered  specimen  were  exam¬ 
ined  by  SEM,  optical  microscope  and  image  analyser  to 
evaluate  the  degree  of  dispersion  (size  and  average  interspac¬ 
ing  of  dispersed  Si  phases).  Thermoelectric  power  and  elec¬ 
trical  conductivity  were  measured  at  500*0  as  well  as  at 
room  temperature,  and  the  values  of  thermal  conductivity 
were  indirectly  calculated  from  the  figure  of  merit  obtained 
by  Harman's  method.  It  was  confirmed  that  there  were  no 
microstructural  changes  during  the  measurement  at  500  *C  in 
the  sintered  specimens.  Carrier  concentration  and  Hall 
mobility  were  measured  at  room  temperature  for  the  estima¬ 
tion  of  their  effects  on  thermoelectric  properties. 

Results  and  Discussion 

Table  1  shows  data  collected  from  the  analysis  of  the 
chemical  compositions,  the  average  particle  size  and  the  size 
distribution  (half-width  of  the  distribution  peak)  of  powders 
produced  by  M/A  for  50hrs.  No  significant  deviation  in  the 
chemical  compositions  was  observed  between  the  M/A  pow¬ 
ders  and  the  mixture  of  starting  elemental  powders;  i.  e.  the 
contents  of  Fe  and  Si  varied  by  1%  well  within  experimental- 
error.  Contents  of  aluminum  and  carbon,  introduced  from  the 
alumina  ball  and  the  vial  during  the  prolonged  period  of  M/A 
time,  were  analysed  to  be  0.17wt%  and  0.01%  respectively, 
which  are  almost  the  same  levels  as  the  starting  materials. 
The  average  particle  size  of  a  50hr  M/A  powder  was  very 
small(1.2~1.6^m)  with  respect  to  that  of  starting  pow¬ 
der^  150/im).  Particle  size  distribution  was  fitted  with  a 
normal  distribution  having  a  half-width  of  about  OJ/m. 
Powders  of  M/A  time  shorter  than  20hrs  consisted  of  elemen¬ 
tal  Fe  and  Si.  But  X-R-D  peaks  of  the  powders  became 
broader  with  M/A  time,  which  means  the  powder  refinement 
as  well  as  the  lattice  distortion  of  each  elements  due  to  the 
alloying  effect.  As  in  Fig.  1(a),  it  was  found  that  powders 
M/A-ed  for  50hrs  or  longer  consisted  of  e-FeSi  and  Si  phase, 
regardless  of  composition. 

Sintered  specimens  were  very  dense  (95%  of  theoretical 
density)  when  powders  M/A-ed  for  50hrs  (average  particle 
size  «1.4#m)  were  sintered  at  760~850*C  by  the  aforemen¬ 
tioned  PRS  apparatus.  The  high  density  is  regarded  to  be  the 
result  of  0  M/A  induced  internal  strain  in  powders  and  (2) 
heat  of  formation  (z/Hf  =  -0.24  kJ/mole)  of  p-FeSi2  phase 
from  s-FeSi  and  Si  phases. 

Formation  of  p-FeSi2  phase  as  well  as  dispersion  of  excess 
Si  phase  was  confirmed  by  X-R-D  (Fig  1  (b))  and  TEM 
selected  area  diffraction  patterns  of  M/A  powders  (Photo.  1). 
Ring  patterns  of  Si  phase  were  overlapped  with  spot  patterns 
of  matrix  p-FeSi2  in  TEM  S.A.D.  patterns,  which  indicate 
that  there  were  no  crystallographic  directionality  between  Si 
phase  and  p-FeSi2  matrix. 
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Photo.  1 .  TEM  micrographs  and  S.  A.D.  pattern 
of  the  specimen  sintered  at  820  °C . 

[  composition  :  (Feo.98Mno.o2)o.8Si2  ] 


Microstructures  of  the  PRS  specimens  of  various  composi¬ 
tions  were  shown  in  Photo.  2.  The  spotty  bright  regions  in  the 
dark  matrix  of  p-FeSi2  phase  correspond  to  Si  phases.  Selec¬ 
tive  etching  of  p-FeSi2  phase  showed  the  remaining  Si  phase, 
which  consisted  of  a  coral-like-colony  of  finger-shaped 
protrusions  having  aspect  ratios  of  ^6  (Photo.  3).  Diameter 
and  length  of  the  protrusions,  which  appeared  as  dispersed 
phases  in  2-d  micrographs,  varied  with  sintering  tempera¬ 
tures;  i.e.  the  aspect  ratios  of  the  protrusions  reduced  with 
higher  sintering  temperature. 


2  (M 

Photo.  2.  SEM  micrographs  of  (Feo.98Mno.o2)xSi2  specimens 


sintered  at  760  °C  with  varying  x  (=0.7, 0.8,  0.9 
and  1.0). 


\  fM  2  fM 

Photo.  3.  SEM  micrographs  showing  Si-phases  after 


selective  etching  of  p-FeSi2  phase  of  the  sintered 
specimen. 

Volume  fractions  of  Si  phases,  analysed  by  an  image 
analyser,  decreased  with  increment  of  x  in  [(Feo ,9sMno  02)xSi2]> 
and  showed  a  decreasing  tendency  with  sintering  tempera- 
ture.(Fig.  2) 
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Figure  2.  Volume  fraction  of  Si  phase  in  p-FeSi2  matrix 
v.s.  sintering  temperatures  and  compositions. 


Fig.  3  shows  data  on  the  average  size  and  the  interspacing 
of  Si  phases  in  a  matrix  of  p-FeSi2,  which  were  measured  by 
the  line  intercept  method[12]  from  the  micrographs  of  the 
specimens  sintered  at  several  temperatures.  The  size  of  Si 
phase  grew  gradually  with  the  increase  of  sintering  tempera¬ 
ture,  but  it  was  not  affected  by  compositional  variation.(Fig. 
3(a))  The  diameter  of  Si  phases  increased  from  0.2  to  0.5#m 
when  sintering  temperature  changed  from  760  C  to  850  C, 
and  high  sintering  temperature  and  low  Si  content  caused  the 
increment  of  interspacings  between  dispersed  Si  phases.(Fig. 
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3(b))  Therefore,  The  volume  fraction,  size  and  interspacing  of 
Si  phases  are  controllable  by  changing  conditions  of  sintering 
and  composition. 


Figure  3.  Variations  of  (a)  mean  size  and  (b)  interspacing 
of  dispersed  Si-phases  with  sintering  temperature. 

It  is  not  difficult  to  imagine  that  thermoelectric  properties 
of  the  specimens  consisting  of  j3-FeSi2  and  fine  Si  phases 
would  be  different  from  those  of  ordinary  macroscopic  com¬ 
posite  materials  (a  mixture  of  p-  FeSi2  and  Si  phases).  If  the 
fine  Si  phases  in  a  matrix  of  p~FeSi2  phase  have  interspacings 
equivalent  to  the  order  of  mean  free  path  of  carriers  or  pho¬ 
nons,  they  could  become  effective  scattering  centers. 

Variations  of  Hall  measurements  (carrier  concentration 
and  mobility)  with  respect  to  composition  and  interspacings 
of  Si  phases  are  shown  in  Fig.  4.  Although  carrier(holes) 
concentration  did  not  vary  significantly  with  composition 
(volume  fraction)  or  interspacings  (sintering  temperature), 
the  carrier  mobility  significantly  changed  with  the  interspac¬ 
ings.  Considering  the  fact  that  the  mean  free  path  of  carriers 
in  p-FeSi2  is  the  order  of  102~103  A,  the  rapid  increase  of 
electrical  conductivity  with  interspacings  is  understandable. 

The  temperature  dependence  of  electrical  conductivity 
showed  an  extrinsic  behavior  in  the  temperature  range  from 
room  temperature  up  to.  500  t,  but  changed  to  intrinsic 
above  500  C,  irrespective  of  compositions  and  sintering 
conditions.(Fig.  5) 

Fig.  6  shows  the  data  on  thermoelectric  properties  meas¬ 


ured  at  500  C  for  specimens  of  various  compositions 
(volume  fraction  of  dispersed  Si  phases)  and  sintered  at 
several  temperatures  (different  interspacings  of  Si  phases). 


Figure  4.  Variations  of  (a)  carrier  concentration  and 
(b)  mobility  as  a  function  of  the  interspacing 
between  Si  phases  and  the  composition. 

[  x :  (Feo.9gMno.o2)xSi2  ] 
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Figure  5.  Variations  of  Seebeck  coefficient  and  electrical 
conductivity  with  temperature  of  the  specimen 
sintered  at  820  °C. 

[  composition  :  (Feo .^Mno.o2)o.8Si2  ] 
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Figure  6.  Variations  of  thermoelectric  properties  with  interspacings  of  Si  phases  for  the  specimens 
consisting  of  dispersed  fine  Si  phases  in  the  p-FeSi2  matrix. 

(a)  Seebeck  coefficient  (b)  Electrical  conductivity 

(c)  Thermal  conductivity  (d)  Figure  of  merit 


Seebeck  coefficients  measured  at  500  V  were  285~295  (N 
/K,  and  nearly  independent  of  interspacings  and  compositions. 
The  gradual  increment  in  electrical  conductivity  with  inter¬ 
spacings  (sintering  temperature)  is  contrasted  with  the  nearly 
constant  values  of  Seebeck  coefficients  for  a  given  composi¬ 
tion. 

Electrical  conductivity  varied  with  composition  (volume 
fraction  of  Si-phases)  and  also  showed  a  linear  increase  with 
interspacings  of  Si  phases.  Recalling  Hall  measurement  data 
at  room  temperature,(Fig.  4)  this  tendency  is  attributed  to 
increasing  carrier  mobility. 

On  the  other  hand,  thermal  conductivity  increased  with 
interspacings  as  well  as  volume  fraction  of  Si-phases.(Fig 
6(c)).  The  variation  of  thermal  conductivity  was  different 
from  electrical  conductivity;  i.e.  whereas  electrical  conductiv¬ 
ity  was  linear  with  interspacings,  thermal  conductivity 
showed  a  higher  order  relation  with  the  interspacings.  If  the 
ordinary  composite  rule  is  applicable  to  the  specimen,  the 
conductivities  (cr  and  k)  will  be  dependent  on  the  composition 
(volume  fraction  of  Si-phase)  only.  That  implies,  the  size  and 


interspacings  should  have  no  effects  on  both  conductivities  as 
long  as  the  volume  fraction  of  Si-phases  is  constant.  However, 
as  can  be  seen  in  Fig.  6,  the  conductivities  (a  and  k)  varied 
with  composition  as  well  as  the  degree  of  dispersion  of  Si 
phases  (size  and  interspacings).  The  discrepancy  between  the 
expectation  of  the  composite  rule  and  the  measured  values 
indicates  the  scattering  effect  of  dispersed  Si-phases  on  the 
conductivities.  The  higher  order  relationship  of  thermal 
conductivity  with  the  interspacings  especially  demonstrates 
the  relative  higher  scattering  of  phonons  than  carriers.  This 
fact  can  be  understood  by  considering  the  mean  free  pathes  of 
carrier  (102~103  A  )and  phonons  (order  of  a  few  im)  as  well 
as  the  interspacings  (0.2~0.5  fm)  of  Si  phases  in  the  speci¬ 
mens.^] 

As  expected,  the  figure  of  merit  has  a  maximum  when 
plotted  with  the  variation  of  interspacings.  The  highest  value 
(1.8xl(T6/K)  obtained  for  the  specimen  having  an  Si-phase 
interspacing  *0.35  fm  was  stemmed  from  the  different 
dependency  of  electrical  and  thermal  conductivities  on  the  Si- 
phase  interspacings.  (Remember  the  Seebeck  coefficient  is 
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almost  independent  of  interspacings.)  In  short,  the  effective¬ 
ness  of  the  scattering  of  fine  Si  phases  both  on  electrical  and 
thermal  conductivities  can  be  changed  if  the  degree  of  disper- 
sionfsize  and  interspacing  of  Si  phase  in  the  matrix  of  the  p- 
FeSi2  phase.)  is  carefully  controlled  by  conditions  of  sintering 
and  composition. 

Conclusions 

In  this  experiments,  Fe-silicide  powders  of  various  compo¬ 
sitions  were  prepared  by  M/A  process,  and  the  sintered 
specimens  consisting  of  dispersed  Si  phases  in  a  matrix  of  p- 
FeSi2  phase  were  fabricated  by  PRS  technique.  The  results 
obtained  are  as  follows; 

1.  Dense  (>95%  theoretical  density)  and  sound  specimens, 
consisting  of  p-FeSi2  and  dispersed  Si-phases,  were  ob¬ 
tained  when  M/A  powders  of  50  hrs  were  sintered  at  tem¬ 
peratures  of  760-850  °C  by  the  PRS  apparatus. 

2.  The  size(0.05~0.2  fm)  and  interspacings(0.2~0.5  gm)  of  the 
dispersed  Si  phases  in  the  matrix  of  p-FeSi2  varied  with 
conditions  employed.  By  adjusting  the  sintering  variables, 
the  degree  of  dispersion  of  Si  phases(size  and  interspac- 
ings)was  controlled. 

3.  Hall  measurements  showed  that  carrier  concentration  did 
not  vary  with  composition  but  the  mobility  decreased  with 
an  increasing  amount  of  Si  content(volume  fraction  of  Si 
phases).  Electrical  conductivity  increased  linearly  with  the 
interspacings  of  Si  phases,  irrespective  of  the  Si-content. 

4.  Thermal  conductivity,  however,  showed  a  higher  order 
relationship  with  the  interspacings.  Especially  it  increased 
rapidly  when  the  interspacings  were  larger  than  0.3  m. 
Considering  the  behavior  of  conductivities^  and  k),  it  was 
concluded  that  the  interspacings  were  responsible  for  the 
relatively  high  reduction  of  thermal  conductivity  due  to  the 
phonon  scattering  effect. 
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Abstract 

There  is  increasing  interest  in  the  skutterudite  family  of 
compounds  as  potential  thermoelectric  materials  mainly  due  to 
the  marked  reduction  in  the  thermal  conductivity  that  occurs 
when  voids  in  the  structure  are  filled  with  “guest”  atoms.  The 
“rattiling”  of  these  void-fillers  atoms  damps  the  phonon 
propagation  through  the  lattice.  The  phonon  scattering 
mechanism(s)  are  not  yet  compoletely  understood.  Ongoing 
research  focuses  on  compensating  for  the  charge  of  the  void¬ 
filling  ions  and  finding  the  optimum  void  filler  that  yields 
maximal  reduction  in  the  thermal  conductivity  while  maintaining 
favorable  electronic  properties.  Thus  far  published  data  on  Ge 
and  Fe  as  charge  compensators  resulting  in  P-type  samples  has 
been  reported.  In  this  paper  we  present  data  on  skutterudites 
incorporating  Sn  for  charge  compensation. 

Introduction 

The  binary  skutterudites  have  the  cubic  Im3  (Th5)  structure  and 
are  of  the  form  AB3  where  A  represents  a  metal  atom  and  B 
represents  a  pnicogen  atom.  There  are  nine  binary 
semiconducting  compounds  in  this  group  (A=Co,  Rh,  and  Ir,  and 
B=P,  As,  and  Sb).  There  are  eight  formula  units  per  cubic  unit 
cell.  The  basic  conditions  for  high  figure  of  merit,  Z,  are  a  large 
unit  cell,  heavy  constituent  atom  masses,  low  electronegativity 
differences  between  the  constituent  atoms,  and  large  carrier 
mobilities,  as  described  in  Slack,[l]  all  of  which  are  met  in  these 
materials.  In  addition  there  are  two  voids  per  unit  cell  in  the 
structure.  Skutterudites  form  covalent  structures  with  low 
coordination  numbers  for  the  constituent  atoms  and  so  can 
incorporate  atoms  in  the  voids.  The  void  radii  of  these  nine 
binaiy  semiconducting  compounds  have  been  estimated  from  x- 
ray  crystallographic  data[2]  and  range  from  1 .763  A  for  CoP3  to 
2.040  A  for  IrSb3. 

Large  x-ray  thermal  parameters  have  been  observed  in  filled 
skutterudites.[3]  In  both  rare  earth  and  alkaline  earth-filled 
skutterudites,  the  thermal  parameter  of  the  filler  increases  as  the 
ratio  of  the  filler  radius  to  void  radius  decreases.  This  seems  to 
indicate  that  these  “guest”  atoms  “rattle”  in  the  voids  more  easily 
when  they  have  more  room  to  do  so.  The  effect  of  the  void- 
fillers  on  the  optical  modes  of  this  structure  has  also  been 


observed,  using  Raman  Spectroscopy. [4] 

The  definition  of  a  good  thermoelectric  material  lies  in  the 
magnitude  of  the  materials’  Z  value[5] 


where  S  is  the  Seebeck  coefficient,  o  the  electrical  conductivity, 
and  k  the  total  thermal  conductivity  (K=Kg+Ke;  Kg  and  Ke  being 
the  lattice  and  electronic  contributions,  respectively.)  Since  the 
dimensions  of  Z  are  inverse  temperature,  a  more  convenient 
quantity  is  the  dimensionless  figure  of  merit,  ZT,  where  T  is  the 
absolute  temperature. 

From  Eq.  (1)  we  see  that  a  good  thermoelectric  material  will 
have  a  high  electronic  conductivity  and  a  low  thermal 
conductivity.  The  Weidemann-Franz  law[6]  states  that  for  a 
good  metal  k  =L0oT  where  L0  is  the  Lorenz  number.  Also  in  a 
good  metal  k>>  Kg.  In  this  special  case  therefore  ZT=S2/L0  and 
ZT  is  limited  only  by  the  value  of  S.  We  need  S>  156pV/K  in 
order  to  obtain  ZT;>  1  since  Lo=2.443xl0'8  V2/K2.  Most  metals 
have  S  values  of  the  order  of  10  pV/K  or  less.  Semiconductors, 
which  can  have  much  larger  S  values,  are  needed  for 
thermoelectric  devices.  In  semiconductors,  therefore,  estimating 
Ke  from  the  Weidemann-Franz  law,  ZT=  S2/[L0+(Kg/oT)].  This 
shows  the  influence  of  Kg  on  ZT. 

As  explained  by  Slack[l]  the  ideal  semiconducting  material  for 
thermoelectric  applications  is  one  which  is  a  “phonon  glass  and 
an  electron  crystal”  or  PGEC.  A  phonon  glass  has  the  very 
smallest  possible  value  of  Kg  (=Kn,in)  because  the  atomjc  disorder 
reduces  the  phonon  propagation  distances  to  their  absolute 
minimum  value.  [7]  The  electron  crystal  should  appear  to  the 
electrons  (or  holes)  as  a  very  perfectly  ordered,  covalent  solid  so 
that  the  electrons  are  not  scattered  very  much  as  they  propagate 
through  the  crystal.  This  dual  nature  of  disorder  for  phonons  and 
order  for  electrons  is  the  critical  characteristic  being  sought  in 
new  and  improved  thermoelectric  materials.  The  skutterudites 
have  a  very  special  nature  that  may  make  this  possible. 
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Recent  results  indicate  ZT~1  at  high  temperatures.[8,9]  This 
indicates  the  promise  of  this  materials  system,  however,  care 
must  be  taken  in  suggesting  applications  at  high  temperature 
unless  and  until  the  thermoelectric  properties,  and  indeed  the 
stoichiometry,  of  these  compounds  are  proven  stable  over  time 
at  the  proposed  operating  temperatures.  Previous  erroneous 
conclusions[10]  due  to  high  temperature  material  dissociation 
should  serve  as  a  reminder. 

In  order  to  increase  ZT  in  the  room  temperature  range  a  larger 
reduction  in  Kg  towards  Kmin  is  needed.  In  addition,  more  effort 
is  needed  in  understanding  the  best  dopant  for  charge 
compensation.  It  is  evident  that  the  carrier  concentration  of  the 
filled  skutterudite  compounds  presently  under  focus  cannot  be 
varied  substantially,  if  at  all,  with  the  charge  compensation 
techniques  attempted  thus  far.  Currently,  new  avenues  are  being 
investigated  at  Marlow  Industries  toward  this  end. 

Reducing  Kg 

Due  to  the  importance  of  Kg  on  ZT  an  understanding  of  the 
mechanisms  that  may  be  employed  for  reducing  Kg  in 
skutterudites  is  imperative.  These  may  be  listed  as  known 
methods  for  scattering  the  phonons: 

•  charge  carriers  from  dopants 

•  inner-shell  excitations  (c?-shell  or /-shell) 

•  mixed-valence 

•  other  (grain  boundary  scattering,  precipitates,  and 
dislocations) 

•  point  defect  scattering 

•  void  fillers 

We  will  not  review  all  these  mechanisms  here.  In  general, 
however,  each  one  of  the  phonon  scattering  mechanisms  will 
scatter  phonons  in  some  particular  energy  range  while  interacting 
weakly  with  all  other  frequency  phonons.  For  example  point 
defect  scattering[l  1]  employing  mass  fluctuation  and  strain  field 
scattering  results  in  a  Raleigh-type  scattering  dependence  of  the 
mean  free  path,  /,  such  that  /«co‘4,  where  co  is  the  phonon 
frequency.  This  type  of  phonon  scattering  mechanism  therefore 
effects  the  high  frequency  part  of  the  phonon  spectrum.  It 
should  be  noted  that  this  scattering  mechanism  has  been  the  main 
technique  in  reducing  Kg  in  an  attempt  to  improve  the 
thermoelectric  properties  of  potential  thermoelectric  materials. 
A  more  effective  way  in  reducing  Kg  would  be  to  combine 
different  scattering  mechanisms  such  that  different  parts  of  the 
phonon  spectrum  can  be  attacked.  This  technique  was  employed 
in  Si-Ge  thermoelectrics  where  lower  frequency  phonons  were 
scattered  by  interactions  with  the  free  carriers  in  degenerately 
doped  materials.[12]  Mass  fluctuation  scattering  was  produced 
by  the  Si-Ge  alloys.  The  combination  of  these  two  mechanisms 
produces  low  Kg  values  but  these  materials  still  do  not  possess 
as  shown  by  Slack  and  Hussain.  [13]  There  is  still  a  large 
part  of  the  phonon  spectrum  that  needs  to  be  attacked  in  order  to 
obtain  Krain. 

Phonon  Scattering  by  Void  Fillers 

Many  different  atoms  have  been  introduced  into  the  voids  in 


skutterudites.[2,3,8,14]  These  include  alkali  earth,  lanthanide 
and  actanide  ions.  The  chemical  formula  for  CoSb3,  for  example, 
can  be  written  as  m2Co8Sb24  illustrating  the  two  voids  per  unit 
cell.  One  must  also  take  into  account  the  void  radius  of  the 
particular  compound  under  investigation.  Table  I  illustrates  the 
array  of  possible  void  fillers  as  well  as  an  estimate  of  their  ionic 
radii,  from  Ref.  2.  Note  that  this  list  is  in  no  way  complete.  If 
we  place  smaller  sized  atoms  in  the  voids,  such  as  Nd3+  for 
example,  these  “rattle”  about  in  the  larger  diameter  voids.  More 
loosely  bound  “rattlers”  produce  local  vibrational  modes  of 
lower  frequency  and  are  thus  more  effective  in  scattering  the 
lower-frequency,  heat-carrying  phonons.  Nolas  et  al.[ 2]  has 
initiated  a  study  on  the  effects  of  the  “guest”  radius  to  void 
radius  ratio  on  Kg  and  the  results.  The  smaller  the  ion  in  the 
IrSb3  voids,  the  larger  the  disorder  that  is  produced  and  therefore 
the  larger  the  reduction  in  Kg.  An  order-of-magnitude  decrease 
in  Kg  is  observed  at  room  temperature  and  an  even  larger 
reduction  below  room  temperature. 

Table  I.  The  average  ionic  radii,  in  A,  for  ions  in  6  and  12  CN 
sites  taken  from  oxide  and  fluoride  structural  data.  These  ions 
may  not  be  in  a  similar  symmetry  site  in  the  voids  of  the 
skutterudites  and  the  actual  inter-ion  distances  may  therefore 
differ.  However,  the  important  trend  in  the  sizes  of  these  ions  is 
illustrated.  _ 


ion 

Na 

K 

Rb 

Cs 

charge 

+i 

+i 

+1 

+1 

12  CN 

1.44 

1.74 

1.87 

2.02 

6CN 

1.13 

1.52 

1.63 

1.84 

ion 

Sm 

Nd 

Ce 

La 

charge 

+3 

+3 

+3 

+3 

12  CN 

1.37 

1.40 

1.44 

1.46 

6CN 

1.10 

1.14 

1.17 

1.20 

The  RFe3CoSb)2  system,  where  R=La  or  Ce,  has  also  proven  to 
possess  very  low  Kg.[8,15]  However,  Fe  in  this  system  also  has 
a  dramatic  affect  on  k,  as  shown  in  Dudkin  et  al.[16]  where  10% 
Fe  substitution  for  Co  in  CoSb3  (10%Fe:CoSbj)  resulted  in  a 
room  temperature  value  of  k  that  was  reduced  to  one  half  the 
value  measured  for  pure  CoSb3.  We  have  synthesized  a 
polycrystalline  pressed  powder  sample  of  10%Fe:CoSb3  and  our 
measurements  are  in  agreement  with  these  results.  At  35  K  the 
reduction  in  k  is  almost  an-order-of-magnitude  less  for 
10%Fe:CoSb3  as  compared  to  pure  CoSb3.  This  reduction  in  k 
cannot  be  explained  by  the  point-defect  scattering  produced  by 
Fe  in  the  metal  sites  of  CoSb3,  using  an  estimate  with  Fe  in  this 
structure, [4]  or  experimental  data[17]  on  FeSb3  to  estimate  the 
bond  distances.  This  work  will  be  reported  elsewhere;  the  main 
goal  of  the  present  study  is  to  isolate  the  phonon  scattering 
mechanism(s)  introduced  by  the  void-filler  atoms  in  studying 
their  effect  on  Kg. 
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Results  and  Discussion 

In  this  study  we  present  preliminary  results  on  the  transport 
properties  of  partially  filled  skutterudite  compounds  with  the  aim 
of  investigating  the  influence  of  partial  void  filling  on  Kg.  X-ray 
diffraction,  metallographic,  and  electron-beam  microprobe 
analysis  have  been  employed  in  the  characterization  of  these 
compounds.  La3+  was  used  as  the  rare  earth  filler  ion  due  to  the 
fact  that  this  trivalent  rare  earth  ion  has  an  empty  4/ shell.  In  this 
study  we  therefore  isolate  the  “rattling”  nature  of  the  filled 
skutterudites  from  other  possible  scattering  mechanisms  caused 
by  4/electrons.  Table  II  shows  the  samples  prepared  along  with 
their  measured  density,  and  room  temperature  carrier 
concentration  and  mobility.  Also  shown  in  Table  II  is  a 
nominally  100%  filled  sample,  Co4LaSn3Sb9.  Sn  is  similar  in 
size  and  mass  to  Sb  and  is  therefore  not  expected  to  produce 
much  phonon  scattering.  The  amount  of  La  in  the  voids  of 
uncompensated  skutterudite  samples  reaches  saturation  at  23%. 

Table  II.  The  sample  compositions,  their  fraction  of  theoretical 
densities,  D%,  and  the  carrier  concentration  and  mobilities 
measured  for  the  skutterudite  samples  used  in  this  study.  The 
Hall  data  were  taken  using  a  four  probe  technique.  The  CoSb3 
and  the  Sn-compensated  samples  are  P-type,  the  uncompensated 
samples  are  N-type.  The  cubic  unit  cell  is  defined  by  twice  the 
formula  units  shown. 


Sample 

D 

carrier  cone. 

mobility 

% 

(1019cm-3) 

(cm2/V-sec) 

Co4Sb12 

97 

0.19 

270 

Laoo5Co4Sb12 

94 

15 

20.5 

La©  23^o4Sb  1 2 

93 

63 

6.83 

Co4Lao3Sn15Sbn 

94 

3.0 

121 

Co4LaSn3  Sb9 

94 

31 

16.7 

The  series  of  skutterudite  compounds  used  in  this  work  were 
prepared  similarly  as  described  in  Nolas  et  al.[ 2]  Densification 
was  accomplished  using  a  graphite  die  in  a  hot  press.  The 
samples  were  cut  with  a  wire  saw  in  the  shape  of  parallelpipeds 
for  transport  properties  measurements,  performed- as  described 
previously.  [18, 19] 

Figures  1  and  2  show  p  and  absolute  a,  respectively,  in  the 
temperature  range  from  300K  down  to  6K  for  the  skutterudite 
samples  prepared  for  this  study.  The  data  for  Co4LaSn3Sb9  is 
typical  in  magnitude  and  temperature  dependence  to  that  of  P- 
type  heavily  doped  pnicogen-compensated  filled-skutterudite 
samples.  The  two  N-  type  samples  clearly  show  a  higher  |a|. 
From  Figure  2  we  see  that  for  La0  05Co4Sb12  |a|  is  similar  to  that 
of  CoSb3  even  though  the  former  sample  has  a  carrier 
concentration  80  times  larger. 

The  N-type  sample  behavior  is  obvious  from  the  fact  that  the 
La3+  ions  donate  their  electrons  without  charge  compensation 
towards  the  goal  of  72.0  electron  count  per  cubic  unit  cell,  as 
described  in  Tritt  et  al.  [20]  It  should  also  be  noted  that  the 


Figure  1 .  The  p  as  a  function  of  temperature  from  300K  down 
to  6  K  for  Co4LaSn3Sb9,  Cq  L$  3  Sq  5  Sth  (solid  triangles), 
La023Co4Sbi2J  La005Co4Sb12  and  CoSb3. 


Figure  2.  Absolute  a  as  a  function  of  temperature  from  300K 
down  to  6  K  for  Co4LaSn3Sb9,  Co4La©3Sni  ^Sbu,  Lao23^®4^^i2> 
Lao.o5Co4Sbi2  and  CoSb3. 
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x=0.05  uncompensated  La-filled  skutterudite  as  well  as  the  Sn- 
compensated  samples  have  a  larger  carrier  mobility  than  Fe- 
compensated[8]  samples  with  similar  carrier  concentration.  This 
suggests  a  greater  carrier  scattering  due  to  Fe  in  this  system. 

The  absolute  a  values  are  somewhat  dependant  on  the  carrier 
concentration,  as  observed  from  Table  II  and  Figure  2,  and  the 
relatively  large  absolute  a  for  the  N-type  samples  are  presumably 
due  to  their  large  effective  mass.  Band  structure  calculations 
predict  a  heavy  conduction  band  mass  in  N-type  skutterudites.  [2 1  ] 
It  may  be  that  the  La3+  ions  in  these  samples  do  not  affect  the  band 
structure  of  CoSb3  a  great  deal  while  doping  the  samples  N-type. 

Figure  3  shows  Kg  in  the  temperature  range  from  300  K  down  to 
6  K  for  the  skutterudite  samples  synthsized  in  this  study.  Also  in 
the  figure  is  calculated  Kg  due  to  boundary  scattering  for  4  and  7 
pm  grain  sizes.  [3]  The  Kg  is  isotropic  since  the  skutterudite 
structure  is  cubic.  From  the  measured  values  of  p,  shown  in 
Figure  1,  and  the  Wiedemann-Franz  law,  with  the  Lorenz  number 
taken  to  be  2.44X10'8  V  /de£  ,[22]  we  have  estimated  and 
subtracted  the  Ke  values  in  Figure  3.  The  curve  for  of  CoSb> 
was  calculated  following  Slack[7]  taking  the  minimum  mean  free 
path  of  the  acoustic  phonons  as  A/2  instead  of  A,  as  suggested  by 
Cahill  et  a/..[23]  where  A  is  one  phonon  wavelength.  Single  crystal 
results [24] are  also  shown  in  Figure  3. 

The  temperature  dependence  of  Kg  for  pure  CoSt^  is  typical  of 
aystalline  compounds.  The  peak  value  for  our  pure  CoSb3  (7  pm 
grain  size)  is  much  lower  than  that  of  the  single  crystal  due  to  the 
effect  of  boundary  scatteing.  In  the  case  of  the  partially  filled 
skutterudites  the  grain  sizes  where  all  ^4  pm,  therefore  the 
magnitude  and  temperature  dependence  for  all  the  samples  for 
temperatures  greater  than  45  K  are  not  due  to  grain  boundary 
scattering. 

From  Figure  3  we  see  that  Kg  decreases  with  increasing  La 
concentration.  However,  the  100%  La-filled  sample  has  Kg  greater 
than  the  30%  sample.  It  appears  that  partial  filling  of  the 
skutterudites  produces  more  phonon  scattering  than  in  the  case  of 
fully-filled  skutterudites.  This  may  indicate  a  point-defect-type 
scattering  effect  as  well  as  the  dynamic,  or  “rattling”,  type 
scattering  mechanism  at  work  in  the  partially-filled  skutterudites 
resulting  in  the  further  reduction  of  Kg. 

Conclusions 

The  skutterudite  family  of  compounds  continues  to  be  of  interest 
for  thermoelectric  applications.  Their  good  mechanical  properties, 
low  thermal  expansion  coefficients  and  cubic  crystal  structure 
make  them  excellent  candidates  for  thermoelectric  applications. 
The  key,  however,  is  to  substantially  reduce  k  in  this  structure  with 
a  minimum  degradation  in  the  electronic  properties.  Clearly 
potential  only  excists  if  Kg  can  be  reduced  further  towards  . 
Initial  results  on  partially-filled  skutterudites  are  very  encouraging 
both  in  terms  of  further  Kg  reduction  and  minimization  of  carrier 
scattering.  The  greatest  benefit  in  the  investigation  of  this  system, 
however,  may  he  in  this  new  and  novel  approach,  i.e.  the  PGEC 
approach,  for  thermoelectric  properties  improvements.  This  may 
well  be  the  most  promising  strategy  for  developing  improved 
thermoelectric  materials. 


Figure  3.  The  Kg  vs.  temperature  for  Co4LaSn3Sb9  (100% 
La-filled),  Co4Lao3SnI5Sbn  (30%),  La023  Co4  Sb12  (23%), 
La0  05Co4Sb12  (5%)  and  CoSb3.  The  dotted  and  dashed  lines  are 
calculations  for  Kg  due  to  boundary  scattering  from  4  and  7  pm 
grain  sizes.  The  k  for  a  CoSb3  single  crystal  (solid  line)  as  well  as 
for  CoSb3  is  also  included. 
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Abstract 

Double  doping  of  palladium  and  platinum  in  Skutterudite 
CoSb3  has  been  studied  to  improve  thermoelectric  properties. 
It  was  found  that  the  solubility  limit  of  Pd  and  Pt  in  CoSb3 
drystal  amounted  to  about  10  at%  and  substitution  of  Pd  and 
Pt  for  Co  occurred.  The  carrier  concentration  increased  to  about 
5  X 1020  cm'3  due  to  a  higher  degree  of  solutioning  of  Pd  and  Pt 
by  double  doping  than  that  of  Pd  or  Pt  by  single  doping. 
Electrical  conductivity  of  a  =1950  S/cm  at  room  temperature 
could  be  obtained  for  the  double  doping  of  5  at%  Pd  and  5  at% 
Pt.  Heavy  doping  by  Pd  and  Pt  was  found  to  significantly 
reduce  the  lattice  thermal  conductivity,  leading  to  the  decrease 
in  thermal  conductivity  from  0.1  (non-doped  crystal)  to  0.05 
W/cmK.  As  a  result  ,  the  figure  of  merit  value  Z  was  about 
1.2  X  10'3  /K  at  temperatures  between  500  and  800  K,  and  the 
maximum  ZT  =  0.9  was  obtained  at  750  K. 

Introduction 

Extensive  interest  has  been  focused  on  the  skutterudite 
CoSb3  as  a  new  promising  thermoelectric  material  because  of 
its  prominent  transport  properties,  in  particular,  extremely 
high  hole  mobility  over  the  past  few  years  [1,2].  The  value  of 
materials  for  thermoelectric  energy  conversion  or  cooling 
applications  is  defined  as  the  thermoelectric  figure  of  merit  Z, 
which  is  given  by  Z=S2  a  /  k  ,  where  S  is  the  Seebeck 
coefficient,  a  the  electrical  conductivity,  k  the  thermal 
conductivity.  In  spite  of  the  desirable  properties  for  the 
thermoelectric  materials,  the  figure  of  merit  Z  for  skutterudite 
compounds  is  limited  due  to  their  relatively  high  thermal 
conductivity,  which  is  approximately  5  times  as  large  as  that 
of  BijTe^based  materials.  The  reduction  of  the  thermal 
conductivity  is  essential  to  improve  the  thermoelectric 
properties.  Recently,  several  approaches  have  been  attempted 
to  reduce  the  thermal  conductivity  of  skutterudites.  For 
example  ,  doping  of  some  impurities  [3-5],  formation  of  solid 
solutions  [6],  synthesis  of  related  compounds  [7,8],  and  so  on  . 

As  reported  previously,  we  have  studied  the  effects  of 
Pd-doping  on  the  thermoelectric  properties  of  CoSb3  and  found 
that  the  substitution  of  Pd  for  the  Co  sites  successfully 
increases  the  thermoelectric  figure  of  merit  to  a  value  of  Z  = 
0.6 X  10‘3  over  a  wide  temperature  range.  However,  increase  in 
Z  was  suppressed  by  the  low  solubility  of  Pd  [3]. 

In  this  paper  ,we  report  a  study  on  the  effects  of  double 
doping  of  Pd  and  Pt  on  the  thermoelectric  properties  of  CoSb3 
crystals  in  order  to  increase  the  thermoelectric  figure  of  merit. 


The  double  doping  technique  aims  at  an  increase  of  the  ratio 
O  /  K  by  both  increasing  the  electrical  conductivity  and 
reducing  the  lattice  thermal  conductivity  due  to  the 
electron-phonon  scattering. 

Experimental  procedure 

Powders  of  elements  Co(99.998%),  Sb(99.9999%), 
Pd(99.99%),  and  Pt(99.97%)  were  used  as  the  starting 
materials.  Mixtures  of  these  powders  were  prepared  in  atomic 
percentage  Co^MxSbg  (  M:Pd  and  Pt(P#Pt  ratio  =1),  Pd,  Pt, 
0  ^  x  ^  0.2).  The  mixtures  were  cold-pressed  and  sealed 
under  vacuum  in  a  carbon-coated  quartz  tube,  and  then  annealed 
at  870  K  for  2  days.  The  annealed  samples  were  crushed  to 
smaller  particles  less  than  90  n  m  in  size,  and  hot-pressed 
under  15  MPa  at  1020  K  for  80  minutes. 

The  obtained  samples  were  characterized  by  means  of 
X-ray  diffraction  (XRD),  and  the  quantitative  analysis  was 
performed  by  electron-probe  microanalyzer  (EPMA).  The 
microstructure  of  samples  was  observed  under  an  optical 
microscope.  Measurements  of  the  electrical  conductivity  and 
Seebeck  coefficient  were  made  in  the  temperature  range  from 
300  to  800  K.  Hall  coefficient  was  measured  by  the  van  der 
Pauw  technique,  and  the  thermal  conductivity  was  measured  by 
the  laser  flash  method. 

Results  and  discussion 

Figure  1  shows  the  dopant  concentration  measured  by 
EPMA  versus  the  weighed  value  of  dopant.  For  the  single 
doping  of  Pd  or  Pt,  the  maximum  value  of  dopant 
concentration  is  0.04  at  most.  On  the  other  hand,  the  double 
doping  permits  higher  doping  level  as  compared  to  the  single 
(toping.  The  measured  value  increases  with  increasing  the 
dopant  concentration  up  to  0.07,  and  the  value  was  saturated  to 
about  0.1.  More  heavily  doped  samples  can  be  obtained  by 
double  (Pt/Pd)  doping.  The  saturation  of  dopant  concentration 
may  be  attributed  to  flow  out  of  liquid  phases  in  the 
hot-pressing  process,  which  are  probably  generated  by  melting 
of  Sb-Pd  or  Sb-Pt  compounds  formed  during  annealing.  XRD 
results  showed  that  the  lattice  constant  increases  with 
increasing  dopant  concentration  due  to  formation  of  a  solid 
solution.  From  the  results  of  XRD  and  EPMA,  it  was  found 
that  substitution  of  Pd  and  Pt  for  Co  successfully  occurred. 

Figure  2  shows  the  Hall  concentration  as  a  function  of 
dopant  concentration.  The  carrier  concentration  increases 
monotonically  with  increase  in  dopant  concentration.  Higher 
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Weighed  value  X 

Fig.l  Dopant  concentration  measured 
by  EPMA  vs.  weighed  value. 


Fig.2  Carrier  concentration  as  a  function  of 
dopant  concentration. 


carrier  concentration  can  be  obtained  for  the  PcPPt-double 
doped  samples  as  compared  with  the  single  doped  samples. 
The  solid  line  and  dashed  line  indicate  the  calculated  values  for 
carrier  activity  of  100%  and  40%,  respectively.  The 
experimental  data  goes  along  the  dashed  line  (carrier 
activity:40%).  In  this  system,  the  carrier  activity  is 
independent  of  the  kind  of  dopant.  The  low  carrier  activity  of 


Fig.3  Electrical  conductivity  as  a  function  of 
carrier  concentration. 


Fig.4  Seebeck  coefficient  as  a  function  of 
carrier  concentration. 


about  40%  may  be  due  to  the  higher  activation  energy  of 
carriers  as  compared  with  room  temperature. 

Figures  3  and  4  show  the  electrical  conductivity  and  the 
Seebeck  coefficient  at  room  temperature  as  a  function  of  carrier 
concentration,  respectively.  Electrical  conductivity  increases 
monotonically  with  increase  in  carrier  concentration. 
PcVPt-doped  CoSb3  compound^  have  higher  electrical 
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coilductivity  than  Pt-or  Pd-doped  compounds(a  =1950  S/cm 
at  room  temperattire  for  the  double  doped  CoSb3  with  5  at% 
Pd  and  5  at%  Pt).  For  the  single  doping,  PI -doped  samples 
have  higher  electrical  conductivity  than  Pd-doped  ones  at  a 
given  carrier  concentration.  This  can  be  explained  by  the  fact 
that  the  carrier  mobility  of  Pt-dopcd  CoSb3  is  higher  than  that 
of  Pd-doped  one.  On  the  contrary,  the  Seebeck  coefficient 
decreases  linearly  with  the  carrier  concentration,  as  observed 
usuaty  in  thermoelectric  semiconductors. 

Power  factor  calculated  from  the  results  of  the  electrical 
conductivity  and  the  Seebeck  coefficient  is  shown  in  Fig.5. 
The  value  of  power  factor  varies  depending  on  the  doping  level 
of  the  sample,  becoming  higher  for  heavily  doped  samples.  A 
maximum  value  of  4.5  X  10 5  W/cmR2  was  obtained  for  the 
double  doped  sample  which  has  high  electrical  conductivity 
due  to  high  carrier  concentration.  Power  factor  values  may  be 
increased  by  further  heavy  doping. 

The  ratio  of  the  lattice  thermal  conductivity  to  the  thermal 
conductivity  of  CoSb3  was  calculated  and  was  found  to  be 
about  80  %.  Thus,  the  reduction  of  the  lattice  thermal 
conductivity  is  essential  to  reduce  the  thermal  conductivity. 
Figure  6  shows  the  lattice  thermal  conductivity  as  a  function 
of  carrier  concentration.  The  lattice  thermal  conductivity 
decreases  with  increase  in  carrier  concentration,  reaching  a 
value  of  about  2.5  X 102  W/cmK.  The  reduction  of  the  lattice 
thermal  conductivities  ascribed  mainly  to  lattice  distortion  due 
to  the  substitution  of  Pd  and  Pt  for  Co.  The  thermal 
conductivity  of  the  PcVPt-  double  doped  CoSb3  compounds 
was  found  to  be  about  half  value  of  the  non-doped  samples. 

Figure  7  shows  the  calculated  dimensionless  figure  of 
merit  value  (ZT)  as  a  function  of  temperature.  ZT  value 


x  1()'5 


Fig.5  Power  factor  as  a  function  of  carrier 
concentration. 


Fig.6  Lattice  thermal  conductivity  as  a  function 
of  carrier  concentration. 


Temperature  (K) 


Fig.7  Dimensionless  figure  of  merit  ZT  as  a 
function  of  carrier  concentration. 


increases  with  temperature  up  to  al  mit  700  K,  and  the  ZT 
values  of  the  double  doped  samples  am  higher  than  that  of  the 
single  doped  samples.  A  maximum  ZT  value  of  0.9  was 
achieved  around  800R  for  the  double  doped  sample.  This  value 
is  comparable  with  that  of  the  Bi2Te3-based  materiales.  The 
double  doped  CoSb3  has  relatively  high  ZT  value  at  high 
temperature  range  as  compared  to  the  Bi2Te3  compound. 
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Conclusion 

Effects  of  Pd-  and  Pt-substitution  for  Co  site  in  CoSb3  on 
thermoelectric  properties  were  investigated  Double  doping  of 
PdPt  was  found  to  have  a  prominent  effect  on  an  increase  of 
carrier  concentration  up  to  5  X  1020  cm'3.  Electrical 
conductivity  of  about  1950  S/cm  was  obtained  at  room 
temperature  for  the  double  doped  crystal,  5  at%  Pd  and  5  at% 
Pt.  The  thermal  conductivity  for  the  PcUPt-doped  CoSb3  was 
found  to  be  about  0.05  W/cmK  at  room  temperature.  The 
figure  of  merit  value  Z  =  1.2  x  10'3  /K  was  obtained  in  the 
temperature  range  of  500  -  800  K,  and  ZT  value  was  0.9 
around  800  K. 
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Abstract 

A  new  skutterudite-related  phase  CoSni  5Tei  5  was  prepared. 
This  new  phase  is  one  of  a  large  family  of  skutterudites  which 
have  shown  a  good  potential  for  thermoelectric  applications. 
Polyciystalline  samples  were  prepared  by  the  spark  plasma 
sintering  method  and  were  characterized  by  x-ray  diffracto- 
metry.  CoSn,.5Te,.5  has  a  cubic  lattice,  space  group  Im3, 
with  a  =  9.121  A.  The  electrical  conductivity,  the  Seebeck 
coefficient,  and  the  thermal  conductivity  were  measured  over 
the  temperature  range  300-900  K.  The  temperature  depen¬ 
dence  of  the  electrical  conductivity  revealed  that  CoSn  U’e-j 
was  a  semiconductor  with  a  band  gap  of  0.7  eV.  The  electri¬ 
cal  conductivity  increased  by  doping  with  Ni.  Large  Seebeck 
coefficients  up  to  -450  uV/K  were  obtained  on  the  n-type 
undoped  samples.  The  thermal  conductivity  of  CoSni  .5Tei.5 
was  substantially  lower  than  that  of  the  binary  isostructural 
compounds  CoSb3  and  IrSb3.  The  potential  of  this  material 
for  thermoelectric  applications  is  discussed. 

Introduction 

Skutterudite  materials  have  recently  received  considerable 
attention  as  attractive  thermoelectric  materials  [1-3].  The 
binary  skutterudite  compounds  possess  reasonably  large  See¬ 
beck  coefficient  and  good  electrical  conductivity,  resulting  in 
large  power  factor  values  comparable  to  state-of-the-art  ther¬ 
moelectric  materials.  However,  their  thermoelectric  figure 
of  merit  is  limited  by  their  relatively  high  thermal  conductiv¬ 
ity.  If  lowering  the  thermal  conductivity  of  the  binary  com¬ 
pounds  with  a  minimal  reduction  in  the  power  factor  can  be 
achieved,  high  thermoelectric  figure  of  merit  values  might  be 
possible. 

Several  approaches  have  been  recently  attempted  to  reduce 
the  lattice  thermal  conductivity  of  skutterudite  materials. 
The  first  approach,  used  for  many  state-of-the-art  thermoe¬ 
lectric  materials,  is  to  form  solid  solutions  between  isostruc- 
tural  compounds  and  to  reduce  the  lattice  thermal  conductiv¬ 
ity  by  increasing  the  point  defect  scattering  [4,  5],  Another 
approach  is  the  filling  of  the  voids  in  skutterudite  structures 
by  rare-earth  atoms  to  scatter  the  phonons  by  the  “rattling”  of 
these  atoms  [6-8], 

Skutterudite-related  phases  can  be  formed  by  substitution  of 
neighboring  atoms  for  the  anion  or  the  cation  in  binary  skut¬ 
terudite  compounds.  The  resulting  phases  are  isoelectronic 
with  the  binary  compounds.  Many  ternary  skutterudite- 
related  phases  were  reported  in  the  literature  [9],  However, 
few  studies  on  the  thermoelectric  properties  of  the  ternary 


skutterudite  phases  have  been  made  [9-12],  Because  of  the 
additional  atomic  disorder  introduced,  one  can  expect  some 
reduction  in  the  lattice  thermal  conductivity  for  these  materi¬ 
als.  Thermal  conductivity  measurements  of  several  ternary 
skutterudite-related  phases  showed  that  their  thermal  conduc¬ 
tivity  is  substantially  lower  than  that  of  the  binary  isostruc¬ 
tural  compounds  [9-12], 

A  new  skutterudite-related  phase.  CoSni  .Te- obtained  by 
substitution  of  Sn  and  Te  for  Sb  in  the  binary  skutterudite 
compound  CoSb3  was  found  by  Fleurial  et.  at.  [9].  However, 
no  information  is  available  in  the  literature  about  the  ther¬ 
moelectric  properties  of  CoSiii  sTei  5.  We  report  here  the 
results  obtained  on  the  preparation  and  thermoelectric  prop¬ 
erties  of  doped  and  undoped  CoSni  5Tei  5.  The  potential  of 
this  material  for  thermoelectric  applications  is  discussed. 

Experimental  Procedure 

Commercially  available  SnTe  (99.9999%)  and  Co  (99.99%) 
powders  were  used  as  starting  materials.  SnTe  and  Co  pow¬ 
ders  were  mixed  in  stoichiometric  ratio  in  a  plastic  vial  before 
being  loaded  in  a  steel  die  where  they  were  compressed  into  a 
dense  cylindrical  pellet.  The  pellet  was  loaded  on  a  graphite 
boat  in  an  Ar  atmosphere  which  was  heated  for  2  days  at  873 
K  (lower  than  the  melting  point  of  SnTe).  The  product  was 
then  crushed  and  ground  in  an  alumina  mortar.  The  resul¬ 
tant  powder  was  heated  on  a  graphite  boat  for  another  2  days 
at  the  same  temperature.  This  last  step  was  repeated  once 
more.  Following  powder  reaction,  several  samples  of 
CoSn15Tei  5  were  sintered  by  the  spark  plasma  sintering 
method.  The  spark  plasma  sintering  was  performed  at  a 
pressure  of  40  MPa  and  at  a  temperature  of  853  K  for  15  min. 
Undoped  samples  always  showed  n-type  conduction.  P-type 
samples  were  obtained  by  substituting  Co  for  Ru  (99.99%). 
N-type  samples  with  high  doping  level  were  obtained  by  ad¬ 
dition  of  Ni  (99.9%).  The  dopants  were  introduced  in  the 
original  mixed  powders. 

The  crystal  structure  of  the  samples  was  investigated  by  the 
x-ray  diffractometry  (XRD)  analysis.  Silicon  powder  was 
used  as  a  standard  and  was  mixed  with  the  powdered  samples. 
The  density  of  samples  was  measured  by  immersion  technique 
using  distilled  water  as  the  liquid.  The  Hall  measurements 
were  performed  in  a  constant  magnetic  field  of  0.5  T  at  room 
temperature.  The  electrical  conductivity  a  and  the  Seebeck 
coefficient  S  were  measured  between  room  temperature  and 
about  900K.  Measurements  of  the  thermal  conductivity  k 
were  performed  by  a  laser  flash  method  in  the  temperature 
range  from  300  to  800  K. 
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Table  I.  Some  properties  at  room  temperature  for  n-type 
CoSni  5Tei  5  and  n-type  CoSb3  [3], 


Property 

Units 

n-type  CoSb3  n-type  CoSnuTe^ 

Lattice  constant 

A 

9.0345 

9.121 

X-ray  density 

g/cm3 

7.621 

7.50 

Electrical  conductivity 

Q'lcm4 

180 

2.99 

Hall  mobility 

cm2/Vs 

87.0 

1.54 

Hall  carrier  concentration 

1019cm‘3 

1.287 

1.21 

Seebeck  coefficient 

jiV/K 

-373.0 

-428 

Lattice  thermal  conductivity 

mW/cmK 

100 

39.9 

Effective  mass  ( m*lnio ) 

3.4 

4.4 

Band  gap 

eV 

0.55 

0.70 

Results  and  Discussion 

The  x-ray  diffraction  pattern  was  indexed  to  a  cubic  unit  cell 
corresponding  to  the  skutterudite  structure,  space  group  Im3. 
The  measured  lattice  constant  at  room  temperature  of  the 
powdered  sample  was  ao  =  9.121±0.001  A.  This  is  slightly 
larger  than  that  for  the  binary  compound  CoSb3  (a0  =  9.0345 
A  [3])  from  which  CoSni.5Tei.5  is  derived.  A  similar  fining 
was  obtained  for  CoGe;  sSei.5  (a0  =  8.299  A  [13]),  derived 
from  the  binary  compound  CoAs3  (a„  =  8.2043  A  [9]).  The 
measured  densities  were  found  to  be  about  95%  of  the  x-ray 
density  of  7.50  g/cm3.  In  addition,  the  x-ray  dififractometry 
analysis  of  the  sintered  samples  showed  that  the  samples 
prepared  in  the  stoichiometric  ratio  were  predominantly 
CoSn15Tei.5  phase  with  a  small  amount  of  SnTe  phase  and 
that  the  samples  prepared  in  Co-rich  ratio  were  single  phase. 

Some  room  temperature  properties  of  n-type  CoSni. 5Te,.5  are 
summarized  in  Table  I  and  are  compared  with  the  results  of 
Caillat  et  al.  obtained  on  an  n-type  single  crystal  CoSb3  sam¬ 
ple  [3],  Hall  coefficient  measurements  show  that  undoped 
samples  have  n-type  conduction  at  room  temperature.  The 
room  temperature  Hall  carrier  concentration  is  1.21X1019 
cm'3  for  undoped  CoSni  5Tei.5.  CoSni  5Tei.5  has  Co-rich 


Fig.  1.  Electrical  conductivity  values  as  a  function  of  inverse 
temperature  for  doped  and  undoped  CoSni  5Tei.5. 


composition.  Therefore,  n-type  conduction  in  undoped 
CoSnt  5Tei  5  is  due  to  an  anion  deficiency  [14].  The  electri¬ 
cal  conductivity  of  undoped  CoSni  sTei.5  at  room  temperature 
is  2.99  Q  'cm'1  and  the  Hall  mobility  is  1.54  cnrV’s'1.  The 
carrier  mobility  is  significantly  decreased  in  the  ternary  com¬ 
pound,  as  compared  to  binary  compounds.  The  Seebeck 
coefficient  at  room  temperature  is  relatively  large  with  a  value 
of -428  pVK"1 . 

P-type  CoSni  5Tei  5  were  obtained  by  substituting  Co  for  Ru. 
The  room  temperature  Hall  carrier  concentration  is  2.33  X 
1019  cm'3 for  Co0.95Ru0.05Sn1.5Te1 .5.  The  electrical  conducti¬ 
vity  of  this  sample  at  room  temperature  is  28.4  ff’cni'1  and 
the  Hall  mobility  is  7.62  cm2V1s'1 .  The  Hall  mobility  for  p- 
type  CoSb3  at  the  same  doping  level  is  about  1000  cnrV'1  s'1 . 
The  exceptionally  high  hole  carrier  mobility  of  CoSb3  is 
drastically  reduced  by  the  substitution  of  Sn  and  Te  for  Sb. 
The  Seebeck  coefficient  values  are  relatively  small  with  a 
room  temperature  value  of  39  pVK'1  . 

The  electrical  conductivity  values  are  shown  as  a  function  of 
inverse  temperature  for  doped  and  undoped  CoSni  5Tei  ,5  in 
Figure  1.  The  electrical  conductivity  of  the  undoped 
CoSn]  5Tei  5  increases  with  temperature  over  the  whole  tem¬ 
perature  range  of  measurements.  A  similar  temperature- 
activated  behavior  of  the  electrical  conductivity  for 
IrGei  sSei  s  and  IrGei  5S1 5  was  previously  reported  [15]. 
The  exponential  increase  of  the  electrical  conductivity  at  low 
temperatures  represents  the  activation  of  the  extrinsic  elec¬ 
trons.  Assuming  that  a  =  a,,exp(-EJkT).  we  obtained  E3  = 
0.057  eV.  The  increase  of  the  electrical  conductivity  above 
700  K  indicates  the  activation  of  the  charge  carriers  across  the 
intrinsic  energy  gap  E%.  We  estimated  a  band  gap  of  0.70  eV 
for  CoSni  5Te15  from  the  variation  of  the  electrical  conductiv¬ 
ity  in  this  temperature  range.  This  is  larger  than  a  band  gap 
of  0.55  eV  for  CoSb3  [3]  from  which  CoSni  5Tei  5  is  derived. 

The  electrical  conductivity'  of  CoSni  5Tei  5  doped  with  Ni  is 


Temperature  (K) 

Fig.  2.  Seebeck  coefficient  values  as  a  function  of  temperature 
for  doped  and  undoped  CoSni  5Tei  .5. 
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Fig.  3.  Power  factor  values  as  a  function  of  temperature  for 
doped  and  undoped  CoSni  5Tei  5. 

increased,  but  it  is  still  lower  than  that  of  state-of-the-art 
materials,  about  1000  Q'W.  The  electrical  conductivity 
of  Ru-doped  CoSni  5Te,.5  is  low.  This  is  attributed  to  the 
relatively  small  carrier  concentration  and  the  low  carrier 
mobility.  The  small  carrier  concentration  is  presumably 
due  to  the  mixed-valency  of  Ru  and  self-compensation  of  Ru. 
The  carrier  mobility  for  p-type  Ru,,  5Pdo.5Sb3  is  relatively  high 
[11],  The  high  mobility  of  binary  skutterudite  compounds  is 
due  to  the  predominantly  covalent  bonding  in  the  skutterudite 
structure  and  valence  band  is  essentially  derived  from  pnico- 
gen-pnicogen  bonds  in  these  materials  [16],  Therefor,  the 
substitution  of  Sn  and  Te  for  Sb  causes  more  significant  re¬ 
duction  of  the  carrier  mobility  than  that  of  Ru  and  Pd  for  Rh. 
The  Seebeck  coefficient  values  are  shown  as  a  function  of 
temperature  for  the  doped  and  undoped  CoSn,  sTe,  5  in  Figure 
2.  Large  Seebeck  coefficients  up  to  -450  pV/K  were  ob¬ 
tained  on  the  n-type  undoped  samples.  The  large  n-type  See¬ 
beck  coefficient  is  presumably  attributed  to  a  large  electron 
mass.  We  calculated  a  room  temperature  effective  mass  of 
4.4/Ko  for  undoped  CoSn15Tei.5  (m0  is  the  free  electron  mass) 
using  a  single  parabolic  band  model  with  acoustic  phonon 
scattering.  This  value  is  comparable  to  the  value  of  3.4m0 
obtained  for  n-type  CoSb3  [3],  The  Seebeck  coefficient  of 
undoped  CoSm  5Tei.5  is  negative  over  the  whole  temperature 
range  of  measurements.  The  Seebeck  coefficient  of  the 
undoped  sample  increases  slowly  with  increasing  temperature 
in  the  extrinsic  region  and  then  decreases  by  increasing  mi¬ 
nority  carriers.  Above  750  K,  the  Seebeck  coefficient  de¬ 
creases  slowly.  This  behavior  could  be  explained  assuming 
the  existence  of  an  additional  conduction  band  with  a  large 
effective  mass.  At  high  temperatures  and  at  high  doping 
level,  the  fraction  of  heavy  electrons  in  the  conduction  elec¬ 
trons  increases.  The  second  conduction  band  electrons  cause 
an  increase  in  the  magnitude  of  the  n-type  Seebeck  coefficient, 
resulting  in  the  slower  decrease  of  the  Seebeck  coefficient  of 
n-type  CoSnL5Te15.  Above  750  K,  the  Seebeck  coefficient 


Fig.  4.  Thermal  conductivity  values  as  a  function  of  tem¬ 
perature  for  undoped  C0Sn1.5Te1.5-  The  solid  line  indicates 
the  thermal  conductivity  values  for  n-type  CoSb3  [3], 

values  of  p-type  CoSb3  decrease  even  faster  and  appear  to 
become  negative  near  900  K  [3],  This  behavior  can  be  also 
explained  by  the  second  conduction  band  model. 

The  Seebeck  coefficient  of  Co0.95Ni0.05Sn1.5Te1 ,5  increases 
slowly  with  increasing  temperature  up  to  750  K  and  tends  to 
decrease  at  higher  temperatures.  This  is  due  to  an  increase 
in  the  thermally  excited  minority  carrier  which  causes  a  de¬ 
crease  in  the  magnitude  of  the  Seebeck  coefficient.  The 
Seebeck  coefficient  of  Coo.95Ruo.05Sn]  sTej  .5  is  positive  and 
relatively  small  at  low  temperatures  corresponding  to  the 
extrinsic  region.  We  estimated  a  room  temperature  effective 
mass  of  0. 1 6m0  for  p-type  CoSni  sTei  5.  This  value  is  compa¬ 
rable  to  the  values  0. 17 m0 . 0.153 m(> ,  and  0.28m,,  obtained  for 
p-type  IrSb3,  CoSb3,  and  Ru0.5Pd0  5Sb3,  respectively.  The 
small  p-type  Seebeck  coefficient  is  due  to  this  small  effective 
mass.  When  the  conduction  by  minority  carriers  increases, 
the  Seebeck  coefficient  decreases  and  becomes  negative. 
This  indicates  the  effect  of  the  second  conduction  band. 

The  power  factor  values  are  shown  as  a  function  of  tempera¬ 
ture  for  the  doped  and  undoped  CoSiij  ^Te-  5  in  Figure  3. 
The  power  factor  was  improved  by  doping  with  Ni,  but  it  was 
still  low.  A  maximum  power  factor  of  about  8  pWcm'K'2 
for  Ni-doped  CoSn!  5Tei  .5  was  achieved  at  700K.  The  power 
factor  of  Ru-doped  CoSni5Te,5  was  significantly  decreased. 
This  is  attributed  to  the  low  carrier  mobility  and  the  small 
hole  effective  mass. 

Figure  4  shows  the  thermal  conductivity  of  the  undoped  sam¬ 
ple  as  a  function  of  temperature.  The  solid  line  represents 
the  results  of  Caillat  et  al.  for  n-type  CoSb3  [3],  The  room 
temperature  thermal  conductivity  is  about  40  mWcm  'K1, 
about  three  times  lower  than  for  n-type  CoSb3.  From  the 
measurement  value  of  the  electrical  conductivity  and  the 
Seebeck  coefficient,  we  estimate  using  the  Wiedemann-Franz 
law,  that  the  electronic  contribution  to  the  thermal  conductiv¬ 
ity  for  undoped  CoSn,  5Te15  can  be  ignored  at  room  tempera¬ 
ture.  Thus  the  measured  thermal  conductivity  of  undoped 
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CoSnj  5Tei.5  is  essentially  the  lattice  thermal  conductivity  at 
low  temperatures.  The  thermal  conductivity  of  CoSni  5Tei  5 
decreases  slowly  up  to  about  600  K,  and  then  increases  slowly 
with  increasing  the  electronic  contribution.  The  room  tem¬ 
perature  lattice  thermal  conductivity  value  is  relatively  higher 
than  that  of  the  other  ternary  skutterudite  compounds  [9-12]. 
Recently  it  has  been  reported  that  the  other  ternary  skutteru¬ 
dite  compounds  have  an  additional  phonon  scattering  due  to 
the  mixed-valency  of  cation  [11,  12].  This  phonon  scatter¬ 
ing  effect  appeared  to  be  not  occurred  for  CoSni  5Tei  .5.  The 
low  thermal  conductivity  values  of  CoSni. 5Tei.5  are  mainly 
caused  by  the  differences  of  atomic  mass  and  volume  intro¬ 
duced  by  the  substitution  of  Sn  and  Te  for  Sb. 

The  calculated  dimensionless  figure  of  merit  ZT  for  Ni-doped 
CoSni.5Tei.5  was  reasonably  low  (ZTmax  =  0.2  at  750  K)  becau¬ 
se  of  the  low  carrier  mobility  of  the  samples  which  results  in 
low  electrical  conductivity  values.  Even  though  the  ther¬ 
moelectric  figure  of  merit  of  this  compound  is  improved  by 
optimization  of  doping  level,  ZT  values  comparable  to  state- 
of-the-art  thermoelectric  materials  will  be  unlikely  to  be 
achieved. 

Conclusion 

For  the  first  time,  the  thermoelectric  properties  of  a  new 
skutterudite-related  phase  CoSni  5Tei  5  were  investigated. 
The  temperature  dependence  of  the  electrical  conductivity 
revealed  that  this  compound  was  a  semiconductor  with  a  band 
gap  of  0.7  eV.  The  Hall  mobility  in  this  compound  was 
substantially  low,  as  compared  to  binary  compounds,  leading 
the  low  electrical  conductivity.  The  large  Seebeck  coefficient 
up  to  -450  pV/K  was  obtained  on  the  undoped  CoSm  5Tei  5. 
This  larger  n-type  Seebeck  coefficient  is  due  to  a  large  elec¬ 
tron  mass.  At  high  temperatures  and  at  high  doping  level  an 
additional  conduction  band  with  a  large  electron  mass  con¬ 
tributes  to  the  Seebeck  coefficient  on  CoSni  5Tei.5.  The 
thermal  conductivity  of  this  compound  was  substantially 
reduced  from  that  of  a  binary  compound  CoSb3.  Because  of 
the  low  carrier  mobility  the  dimensionless  figure  of  merit  was 
reasonably  low,  as  compared  to  that  of  state-of-the-art  ther¬ 
moelectric  materials.  The  results  obtained  showed  that  the 
thermoelectric  potential  of  CoSni  5Tei  5  was  limited. 
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Abstruct 

The  band  structure  and  the  density  of  states  of  doped 
and  non-doped  CoSb3  were  computed  by  using  the  super- 
cell.  The  computation  has  been  done  by  the  linear 
muffin-tin  orbital  method  with  non-overlapped-muffin-tin 
spheres.  Based  on  the  computational  results,  some  doping 
effects  were  discussed. 

Introduction 

The  skutterudite  CoSb3  and  its  mixed  alloys  have 
been  recently  investigated  for  its  interesting  thermoelec¬ 
tric  properties. [1,  2,  3,  4,  5,  6,  7,  8]  In  CoSb3,  the  hole 
mobility  ({th)  is  extremely  large,  \ih  ~  3000  cm2 /Vs  with 
the  Hall  carrier  concentration  about  10“18cm^3.[6]  The 
similar  transport  property  is  observed  in  other  skutteru- 
dites  such  as  IrSb3  and  RhSb3.[9] 

By  the  band  structure  calculation  using  an  ex¬ 
tended  general-potential  linearized  augumented-plane- 
wave  method,  Singh  and  Pickett  [10]  pointed  out  that 
CoAs3  and  IrSb3  are  zero-gap  semiconductor,  and  CoSb3 
has  a  narrow  gap  of  50meV  at  the  T  point.  Moreover,  as 
the  valence  band  has  a  linear  dispersion,  the  density  of 
states  (DOS)  is  small  and  the  pseudogap  appears  between 
the  conduction  band  and  the  valence  band.  Mandrus  et 
al.[ll]  reported  that  the  results  of  the  measurement  for 
the  transport  properties  are  consistent  with  the  theoreti¬ 
cal  prospects,  especially  the  effective  hole  mass  is  rather 
small,  ra*=0.01mo. 

As  referred  to  the  above,  the  electronic  transport  prop¬ 
erties  of  pure  or  lightly  doped  skutterudities  at  low  tem¬ 
peratures  gradually  get  clear.  Transport  properties  have 
been  measured  for  non-doped  and  doped  CoSb3.  But  ef¬ 
fects  of  defects  and  impurities  are  not  clear  with  respect 
to  such  as  the  origin  of  the  p-type  of  non-doped  CoSb3 
and  the  nature  of  the  pn-type  of  doped  CoSb3.  In  order 
to  help  understanding  of  these  points,  we  pay  attention  to 
the  impurity  effects  of  the  atoms  from  Pd  to  Sn  in  CoSb3. 
These  elements  are  between  Rh  and  Sb  in  the  periodic  ta¬ 
ble,  and  the  valency  of  doping-atoms  is  gradually  varied 
from  Pd  to  Sn.  Experimental  results  for  Pd[7]  and  Sn[8] 
shows  the  very  good  thermoelectric  properties  with  n-  and 
p-type  characters,  respectively.  Our  group  made  the  ex¬ 
periment  for  Ag,  Cd  and  In [13].  In-doped  CoSb3  shows 
the  very  good  thermoelectric  characteristics  with  n-type, 
being  comparable  to  Pd-doped  CoSb3.  We  summarized 
the  pn-character  for  the  impurity  from  Pd  to  Sn  in  Table 
1.  The  behavior  is  complex  and  the  relation  between  pn- 
type  and  doping-atoms  form  microscopic  viewpoints  is  not 


Table  1:  pn-type  in  CoSb3:X  (X— Pd,  Ag,  Cd,  In  and  Sn). 
[6,8,12,13] 
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[Rh(Co)] 

Pd 

Ag 

Cd 

In 

Sn 

[Sb] 

type 

- 
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P 

n 

n 

P 

clear. 

In  this  paper  we  perform  the  preliminary  study  of  the 
doping  effects  in  the  following  cases;  impurity  atoms  oc¬ 
cupy  void  sites,  existing  in  CoSb3  structure,  and  Co  and 
Sb  atoms  are  exchanged  for  impurity  atoms.  The  p-  and 
n-  types  of  carriers  on  impure  semiconductors  are  de¬ 
termined  from  the  position  of  impurity  levels.  We  use 
the  super-cell,  including  a  defect  or  an  impurity,  and  as¬ 
sume  the  periodic  structure.  Then  the  band  structure  in 
doped-CoSb3  is  computed  by  the  linear  muffin-tin  orbitals 
(LMTO)  method.  From  the  calculated  electronic  struc¬ 
ture  near  the  Fermi  energy,  we  discuss  the  pn-character. 

Method  of  Computation 

The  skutterudite  CoSb3  is  a  Th5  (Im3)  bcc  lattice  with 
the  lattice  constant  a^9.089A.[14]  The  primitive  cell  is 
shown  in  Fig.  1,  which  consists  of  16-atoms  and  a  large 
void  enclosed  with  those  atoms.  These  Sb  atoms  are  in 
the  Wigner- Seitz (WS)  cell  of  a  bcc  lattice  and  Co  atoms 
are  on  the  surface  of  the  WS  cell. 


Figure  1:  Primitive  cell  of  CoSb3.  Small  circles  are  Co 
atoms  and  large  circles  are  Sb  atoms. 

The  band  structure  of  CoSb3  is  calculated  by  using 
the  local-density-functonal  approximation  and  the  LMTO 
method  with  the  most  localized  basis  formalism. [15,  16] 
The  Hedin-Lundqvist  exchage-correlation  function  with 
Janak-Moruzzi-Williams  parameters  was  used. [17] 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


334 


16th  International  Conference  on  Thermoeiectrics  (1997) 


We  compute  the  electronic  band  structure  using  the 
super-cell  which  is  larger  than  the  primitive  cell.  A  super¬ 
cell  used  in  this  calculation  is  the  conventional  unit  cell  of 
CoSb3  which  consists  of  8-Co  atoms  and  24-Sb  atoms,  to¬ 
tally  32-atoms,  and  2- voids.  We  express  the  super-cell  as 
□2Co8Sb24  in  which  □  represents  a  void.  The  radii  of  MT 
spheres  for  Co  and  Sb  atoms  are  given  as  Rq0  =  0.136a 
and  #sb  —  0.143a,  respectively.  The  radii  of  MT  spheres 
of  impurities  are  given  as  the  same  radius  as  the  atom  at 
the  doped  site.  When  a  impurity  is  put  at  the  void  site, 
the  radius  is  taken  as  Rvo\d  =  0.15a. 

The  doping  effects  are  investigated  in  three  cases,  i)  a 
doping-atom  occupies  a  void-site,  ii)  it  occupies  a  Co-site, 
iii)  it  occupies  an  Sb-site.  The  DOS  is  calculated  by  us¬ 
ing  the  tetrahedron  method.  [18]  The  integration  in  k-space 
were  performed  with  a  mesh  of  816  points  in  the  irreducible 
regions  of  the  first  Brillouin  zone  in  the  cases  of  (i)  and 

(ii)  and  of  1000  points  in  the  case  (iii).  Their  regions  are 
shown  in  Fig.  2  (a),  (b),  (c)  for  the  cases  of  (i),  (ii)  and 

(iii) ,  respectively. 


Figure  2:  Irreducible  regions  of  the  first  Brllouin  zone,  a) 
a  doping- atom  occupies  a  void  site  (the  super-cell  has  ro¬ 
tational  symmetry  of  the  skutterudite  structure),  b)  one  of 
Co-atoms  in  the  super-cell  is  exchanged  for  an  impurity,  c) 
one  of  Sb-atoms  is  exchaged.  The  cube  is  the  first  Brllouin 
zone  of  a  simple  cubic  lattice. 


Band  structure  on  doped  and  non-doped  CoSb3 

The  band  structure  of  CoSb3  by  the  LMTO  method 
is  shown  in  Fig.  3.  The  general  trends  observed  in  the 
band-structure  diagram  is  similar  to  that  found  by  Singh- 
Pickett.[10]  The  characteristic  feature  of  the  band  struc¬ 
ture  is  the  singlet  valence  band  with  a  linear  dispersion 
whose  top  reaches  near  the  bottom  of  the  conduction  band 
at  the  T  point.  In  our  calculation,  the  slope  of  this  band 
is  -3.3  eVAand  the  width  of  the  narrow  gap  is  0.08eV. 

The  electronic  density  of  states  is  shown  in  Fig.  4,  in 
which  the  pseudogap  due  to  the  linear- dispersion  band  ap¬ 
pears.  This  pseudogap  lies  below  and  above  the  Fermi 
energy,  and  the  width  is  about  leV.  It  is  noted  that  in 
the  general  potential  LAPW  calculation  [10],  the  pseudo¬ 
gap  lies  only  below  the  Fermi  energy  and  the  width  is 
about  0.5eV. 

Impurities 

Firstly,  we  investigate  the  effects  of  impurities  which  oc¬ 
cupy  one  of  the  two  void-sites,  and  the  super-cell  is  given 
by  nXCosSb^,  where  X  denotes  a  doping  atom.  Figures  5 
show  the  DOS  of  □XCo8Sb24  (X=Pd  -  Sn).  The  origin  of 


Figure  3:  Band  structure  of  CoSb3.  The  origin  of  energy 
is  the  top  of  valence  bands. 


Energy(Ry) 


Figure  4:  DOS  of  CoSb3. 


energy  is  the  top  of  the  linear  band  which  is  at  the  T  point. 
Since  its  energy  corresponds  to  the  top  of  valence  band  in 
non-doped  CoSb3,  a  shift  of  the  Fermi  level  is  obtained. 
Thus  we  can  determine  whether  the  doping- atom  acts  as  a 
donor  or  an  acceptor.  In  Fig.  5(a),  the  sharp  peak  of  the 
Pd-impurity  states  appears  near  the  bottom  of  the  con¬ 
duction  band,  which  is  pointed  by  an  arrow.  The  energy 
gap  A Egap  between  the  top  of  valence  bands  and  the  bot¬ 
tom  of  the  impurity  band  is  smaller  than  O.OleV.  Thus 
Pd-impurities  act  as  acceptors.  There  are  mid-gap  states 
of  Ag  impurities  in  Fig.  5(b).  The  states  are  partially 
occupied  by  electrons,  and  the  Fermi  energy  is  positive. 
It  indicates  that  the  excess  electrons  are  supplied  from  Ag 
atoms  and  the  Ag-doped  CoSb3  is  a  n-type  semiconductor. 
In  Fig.  5(c),  the  first  peak  of  the  DOS  below  Fermi  energy 
denotes  the  impurity  states  of  Cd  which  have  s-like  char¬ 
acter.  As  the  levels  are  very  deep,  Cd-impurities  do  not 
supply  carriers.  It  is  consistent  that  Cd-atom  has  a  closed 
s-shell.  When  In-impurities  or  Sn-impurities  occupy  the 
void  sites,  the  doping  effects  are  clearly  seen  in  Fig.  5(d) 
and  (e).  The  Fermi  level  shifts  to  positive  energy  side  due 
to  the  electron  concentration  from  the  doping  atoms.  This 
indicates  In  and  Sn  impurities  at  void  site  act  as  donors. 

Figure  6  (a)  and  (b)  show  the  DOS  of  □2Co7PdSb24  and 
□2Co8Sb23Sn,  respectively.  When  Ag(Cd)-atom  is  doped 
and  occupy  Co-site,  the  DOS  is  qualitatively  similar  to  Fig. 
6(a),  and  when  In- atom  occupies  Sb-site,  it  is  similar  to 
Fig.  6(b).  From  the  shift  of  the  Fermi  level,  electrons  from 
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Figure  5:  DOS  of  OXCo8Sb24  (X=Pd~Sn).  The  origin  of 
energy  is  the  top  of  the  linear  band  at  T  point.  A  straght 
broken  line  denotes  the  Fermi  energy. 


the  impurity  atoms  are  concentrated  in  D2Co7PdSb24  and 
holes  are  concentrated  in  D2Co8Sb23Sn.  It  indicate  that 
Pd-impurities  act  as  donors  and  Sn-impurities  act  as  ac¬ 
ceptors.  These  results  are  consistent  with  the  filling  of  the 
outer  shell  of  impurity  atom. 

Defects 

The  DOS  of  CoSb3  with  an  empty  sphere(ES)  is  shown 
in  Fig.  7(a)  and  (b).  The  first  is  of  the  case  that  one 
of  Co-atoms  in  the  super-cell  is  exchanged  for  an  empty 
sphere,  the  second  is  of  the  case  Sb-atom  is  exchanged  for 
an  empty  sphere.  From  the  shift  of  the  Fermi  level,  we  can 


•0.3  -0.2  -0.1  0  0.1  02  -0.3  -0.2  -0.1  0  0.1  0.2 
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Figure  7:  DOS  of  CoSb3  with  an  empty  spheres,  a:  one 
of  Co-atoms  in  the  super-cell  is  exchanged  for  an  empty 
sphere,  b:  an  Sb-atom  is  exchanged  for  empty  sphere. 

conclude  that  the  empty  sphere  of  the  Co-site  acts  as  an  ac¬ 
ceptor  and  the  empty  sphere  of  Sb-site  acts  as  a  donor.  It 
is  reasonable  to  the  picture  of  bonds  for  CoSb3.[19]  As  the 
DOS  of  skutterudite  above  the  Fermi  level  is  due  mainly  to 
ring  antibonding  7r-type  and  <r-type  molecular  orbitals,  5p- 
electrons  in  Sb-atoms  are  exhausted  for  7 r-  and  a -  bonds  of 
Sb-rings.  5s-electrons  in  Sb-atoms  turn  excess  due  to  the 
hybridization  with  other  atomic  levels.  Thus  Sb-atoms 
supply  electrons  in  CoSb3  crystal.  On  the  other  hand, 
Co- atoms  aquire  electrons.  In  our  calculation,  d-orbitals 
of  Co-atom  is  occupied  with  8  electrons. 


Energy(Ry)  Energy(Ry) 


Figure  6:  DOS  of  a:  nXCo7pdSb24  and  b:  C!XCo8Sb23Sn. 


Conclusion 

The  electronic  structure  on  doped  and  non-doped  CoSb3 
were  calculated  with  the  super-cell  model  by  using  the 
LMTO  method  with  non-overlapping-MT  spheres  and 
non-empty  spheres.  The  calculated  band  structure  of 
CoSb3  is  accord  well  with  the  results  obtained  earlier  by 
other  authors[10].  The  results  of  our  calculation  to  the  pn- 
types  of  doped  CoSb3  are  summarized  in  Table  2.  From 
Tables  1  and  2,  Pd-impurity  atoms  occupy  Co-sites  and 
Sn-impurity  atoms  occupy  Sb-sites.  On  the  other  hand,  for 
Ag,  Cd  and  In  the  situation  is  not  clear  in  the  present  cal¬ 
culation.  About  the  origin  of  holes  on  non-doped  CoSb3, 
our  results  indicate  that  it  may  be  occurred  by  defects  at 
Co-sites.  The  above  conclusion  have  preliminary  aspects. 
For  the  quantitative  discussion,  we  need  further  investiga¬ 
tion  with  more  exact  methods  such  as  the  full-potential 
augmented- plane- wave  method  and  the  self-consistent  im¬ 
purity  calculation  based  on  the  Green’s  function  formal- 
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ism,  and  the  total  energy  should  be  calculated  to  deter¬ 
mine  the  favourable  position  for  the  impurity. 

Table  2:  pn-type  of  doped  CoSb3.  The  sign  *  denotes  the 
case  where  there  are  few  carriers,  and  in  the  cases  with 
the  sign  the  calculation  has  not  been  done. 
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Abstract 

The  thin  film  growth  of  CoSb3  on  a  semi-insulating 
GaAs(lOO)  substrate  was  made  by  using  magnetron 
rf-sputtering,  and  the  electrical  and  thermoelectric  properties  of 
the  films  were  studied  with  relation  to  annealing  temperature 
and  film  thickness.  Polycrystalline  films  with  the  skutterudite 
structure  were  successfully  grown  on  the  GaAs(lOO)  substrate. 
The  obtained  films  were  found  to  be  p- type,  and  their  hole 
mobility,  electrical  conductivity,  and  Seebeck  coefficient 
significantly  changed  depending  on  the  annealing  temperature 
and  the  thickness.  A  huge  Seebeck  coefficient  of  600  p-V/K, 
which  is  about  three  times  as  large  as  the  value  of  a  /7-type 
single  crystal,  was  obtained  for  a  thin  film  annealed  at  750  °C 
with  thickness  of  71  nm,  and  the  power  factor  reached  the 
value  of  2  X 10^  W/cmK2.  The  variation  in  the  thermoelectric 
properties  with  the  annealing  temperature  and  the  thickness 
can  be  explained  well  in  terms  of  a  model  which  takes  into 
account  a  carrier  energy  filtering  effect  by  potential  barriers  at 
grain  boundaries.  According  to  the  model,  the  Seebeck 
coefficient  increases  with  increasing  potential  barrier  height 
and  also  decreases  with  increasing  carrier  concentration. 

1.  Introduction 

Much  renewed  interest  is  focused  on  the  search  for  novel  and 
efficient  thermoelectric  materials  for  cooling  and  energy 
conversion  applications.  For  practical  thermoelectric 
applications,  materials  must  have  a  large  thermoelectric  figure 
of  merit,  defined  as  Z=S  2o  /*,  where  S  is  the  thermoelectric 
power  (Seebeck  coefficient),  a  the  electrical  conductivity,  and 
k  the  thermal  conductivity.  For  over  30  years  thermoelectric 
cooling  and  generation  technology  has  been  based  virtually 
exclusively  on  bismuth  telluride,  silicon  germanium,  and  their 
related  compounds.  Recently,  CoSb3  a  member  of  the  large 
family  of  skutterudite  compounds  has  been  identified  as  a  new 
promising  thermoelectric  material  because  of  its  extremely 
high  hole  mobility,  high  thermoelectric  power,  and  relatively 
low  thermal  conductivity  due  to  complexity  in  the  crystal 
structure  [1,  2].  To  maximize  the  thermoelectric  figure  of 
merit,  a  variety  of  approaches,  doping  of  some  impurities  [1- 
4],  formation  of  solid  solutions  [5],  synthesis  of  related 
compounds  [6,  7],  and  so  on,  have  being  made  on  this 
material.  These  conventional  technique  aims  at  the  increase  of 
the  ratio  o Ik  by  reducing  the  lattice  thermal  conductivity  kx  . 
The  improvements  in  Z  by  these  approaches  are  however 
limited  by  the  electronic  contribution  kc  and  by  minimum 


limits  of  kx  .  A  completely  different  approach  to  increasing  Z 
is  to  attempt  to  increase  the  power  factor  S2o  through  the 
quantum  size  effects,  for  example,  changes  of  the  scattering 
rates  and/or  the  density  of  states  [8 — 11].  In  this  point  of  view, 
Hicks  and  Dresselhous  [8]  considered  the  use  of  a  superlattice 
structure,  and  found  theoretically  substantial  improvement  in 
Z  through  the  change  of  the  density  of  states  on  a  Bi2Te3-based 
superlattice.  According  to  their  up-to-date  investigation  on  a 
PbTe-based  system,  good  agreement  was  found  between  the 
experimental  result  and  their  theoretical  prediction,  indicating 
that  superlattice  structure  may  indeed  attain  an  enhanced  Z 
[11].  In  addition,  the  possibility  of  large  enhancement  in  Z 
due  to  the  manner  of  potential  barriers  as  a  carrier  energy  filter 
has  been  predicted  for  the  transverse  conduction  through  a 
superlattice  structure  [9,  10]. 

We  have  performed  the  thin  film  growth  of  skutterudite  CoSb3 
on  a  semi-insulating  GaAs(100)  substrate  and  investigated  the 
effects  of  annealing  temperature  and  film  thickness  on  the 
thermoelectric  properties  of  obtained  films.  The  thermoelectric 
properties  are  discussed  in  terms  of  a  simple  model  taking  into 
account  a  energy  filtering  effect  due  to  potential  barriers  at 
grain  boundaries. 

2.  Experiment 

Thin  film  growth  of  CoSb3  on  a  semi-insulating  GaAs(100) 
substrate  (the  resistivity  p  =107  Qcm)  was  made  by  magnetron 
rf-sputtering  using  a  poly  crystalline  CoSb3  target.  Substrate 
temperature  was  kept  at  300  °C  during  the  deposition.  Details 
about  the  sputtering  conditions  can  be  found  elsewhere  [12]. 
Some  obtained  films  were  annealed  at  600  °C  or  750  °C  for  2 
hours  under  flowing  argon.  The  crystal  structure  of  obtained 
films  was  checked  by  means  of  X-ray  (Cu  Ka)  diffraction 
(XRD).  The  composition  of  the  films  was  determined  by 
electron  probe  microanalysis  (EPMA),  and  was  found  to  be 
closely  stoichiometric.  The  observation  of  the  film  surface 
was  made  by  using  a  scanning  electron  microscope  (SEM)  and 
an  optical  microscope.  Measurements  of  the  electrical  and 
thermoelectric  properties  were  carried  out  in  the  temperature 
range  from  300  to  800  K.  Hall  measurements  were  performed 
between  80  and  300  K  by  using  a  van  der  Pauw  technique. 

3.  Results  and  Discussion 

3,1  Thin  film  growth  and  Annealing 

From  the  XRD  measurements,  as-deposited  films  on 
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GaAs(lOO)  substrate  were  found  to  form  polycrystalline 
skutterudite  structure,  including  some  other  phases  of  CoSb2, 
CoSb,  and  Sb.  By  annealing  the  as-deposited  films  at  600  °C 
in  Ar  atmosphere,  the  other  phases  nearly  disappeared  The 
increase  of  the  annealing  temperature  from  600  to  750  °C 
promoted  full  crystallization.  Any  diffraction  peaks  from  the 
unexpected  phases  formed  by  the  reaction  between  Co  or  Sb 
and  GaAs  were  not  detected  by  XRD.  Surface  morphology  of 
the  as-deposited  films  was  smooth  and  dense,  but  that  of  the 
after-annealed  films  was  rough. 

The  transport  properties  of  the  films  were  found  to  change 
largely  by  annealing.  The  changes  in  the  values  of  the  Hall 
mobility  and  the  carrier  concentration  are  listed  in  Table  1. 
The  increase  of  the  annealing  temperature  gives  rise  to  a 
marked  increase  in  the  Hall  mobility  and  also  a  decrease  of 
about  two  orders  magnitude  in  the  carrier  concentration  as 
compared  with  that  for  an  as-deposited  film.  The  enhancement 
in  the  Hall  mobility  is  attributed  to  the  removal  of  lattice 
defects  as  well  as  the  relaxation  of  lattice  strain  by  annealing 
effect.  But,  the  obtained  value  for  the  film  annealed  at  750  °C 
is  about  one  order  magnitude  smaller  than  that  for  a  single 
crystal  yet  [13]  .  In  thin  films,  the  surface  and  the  grain 
boundary  scattering  should  play  an  important  role  in  the 
scattering  mechanism  along  with  the  lattice  defect  scattering. 
In  the  carrier  concentration,  it  is  presumed  that  the  drastic 
decrease  arises  from  the  decrease  of  the  metallic  phases  in  the 
films  by  annealing,  according  to  the  result  of  XRD.  The 
electrical  conductivity  and  the  Seebeck  coefficient  of  the  films 
annealed  at  600  °C  as  well  as  the  as-deposited  films  showed 
irreversible  changes  during  a  heating  and  cooling  process. 
This  irreversible  manner  shows  the  presence  of  some  residual 
lattice  defects  and  the  inhomogeneity  of  the  films.  However, 
for  the  films  annealed  at  750  °C,  the  irreversible  manner  was 
no  longer  observed,  indicating  that  the  higher  temperature  is 
required  for  the  sufficient  annealing  effect. 


Table  1  Changes  in  the  transport  properties  by  annealing  (film 
thickness  t= 231  nm,  RT  data). 


Annealing  condition 

Hall  mobility 

Carrier  concentration 

CQ 

(cm2/Vs) 

(cm'3) 

as-deposited 

6.9 

1.2X1019 

600 

10 

4.0  X1018 

750 

264 

4.1  X10n 

3.2  Thermoelectric  Properties 

Figure  1  shows  the  electrical  conductivity  versus  inverse 
temperature  for  CoSb3  films  annealed  at  750  °C  with  different 
thicknesses,  as  compared  with  the  results  for  single  crystals 
[13,  14]  .  The  temperature  dependence  of  the  electrical 
conductivity  varied  markedly  with  film  thickness.  The 
variation  with  thickness  is  associated  with  the  changes  in  both 
the  scattering  mechanism  and  the  carrier  concentration.  In 


Fig.  1:  Electrical  conductivity  versus  inverse  temperature  for 
CoSb3  films  annealed  at  750  °C  with  different  thicknesses. 

higher  temperature,  the  saturation  region  was  clearly  observed 
between  300  and  500  K,  and  the  intrinsic  region  above  500  K. 
The  energy  gap  of  approximately  0.9  eV  was  evaluated  from 
the  slopes  of  the  linear  potions  above  500  K.  The  observed 
energy  gap  corresponds  to  the  direct  gap  at  the  T  point  Et-t  , 
judging  from  the  result  of  the  energy  band  calculation  made  by 
Singh  and  Pickett  [15].  Although  the  electrical  conductivity 
values  are  much  smaller  than  those  of  the  single  crystals  at 
lower  temperature,  the  situation  is  reversed  at  higher 
temperature.  Namely,  for  the  thin  films,  the  electrical 
conductivity  values  become  about  one  order  magnitude  larger 
than  those  for  the  single  crystals  at  higher  temperature. 

Figure  2  shows  the  Seebeck  coefficient  as  a  function  of 
temperature  for  CoSb3  films  annealed  at  750  °C  with  different 
thicknesses.  For  the  film  with  thickness  of  825  nm,  the 
Seebeck  coefficient  is  comparable  to  that  for  a  bulk  sample 
[16].  However,  the  films  with  thicknesses  of  71  and  231  nm 
were  found  to  have  huge  Seebeck  coefficients  about  600  ~  700 
|aV/K,  which  are  about  three  times  as  large  as  that  of  the  bulk 
sample.  Rapid  decrease  in  the  Seebeck  coefficient  at  higher 
temperature  can  be  explained  by  the  two  band  effect  in  the 
intrinsic  region. 

Figure  3  shows  the  power  factor  as  a  function  of  temperature 
for  CoSb3  films  annealed  at  750  °C  with  different  thicknesses. 
Although  the  power  factor  values  are  smaller  than  that  of  the 
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Temperature  (K) 


Fig.  2:  Seebeck  coefficient  as  a  function  of  temperature  for 
CoSb3  films  annealed  at  750  °C  with  different  thicknesses. 


Temperature  (K) 

Fig.  3:  Power  factor  as  a  function  of  temperature  for  CoSb3 
films  annealed  at  750  °C  with  different  thicknesses. 


bulk  sample  near  room  temperature  due  to  the  smaller 
electrical  conductivity,  the  values  become  larger  with 
increasing  temperature  up  to  the  intrinsic  region.  The  power 
factor  tends  to  increase  with  decreasing  thickness,  and  reached  a 
maximum  value  of  2  X  10-4  W/cmK2  around  700  K  for  the 
thickness  of  71  nm.  The  improvement  in  the  power  factor  for 
the  thin  films  results  mainly  from  the  huge  increase  in  the 
Seebeck  coefficient  and  also  the  larger  electrical  conductivity  at 
higher  temperature  as  compared  with  the  bulk  sample. 

The  following  three  contributions  can  be  regarded  as  the  main 
causes  of  the  observed  large  Seebeck  coefficient:  (1)  effect  of 
microstructure,  (2)  decomposition,  and  (3)  interdiffusion 
between  the  film  and  GaAs  substrate.  The  XRD  results 
showed  any  clear  decomposition  or  other  phases  (Ga-  or 
As-related  phases).  Even  though  CoSb3  can  be  expected  to 


Temperature  (K) 


Fig.  4:  Hall  mobility  as  a  function  of  temperature  for  CoSb3 
films  annealed  at  750  *C  with  different  thicknesses. 


partially  decompose  to  a  small  amount  of  CoSb2,  CoSb,  Sb, 
Co  or  other  phases,  this  effect  on  the  Seebeck  coefficient  may 
be  small  because  of  small  amount  and  their  small  or 
comparable  Seebeck  coefficients  [17].  In  addition,  the 
possibility  of  the  substitution  of  Co  or  Sb  for  GaAs  crystal 
lattice  by  interdiffusion  may  be  probably  low  because  of  the 
lower  annealing  temperature  than  the  melting  point  of  GaAs 
(1238  °C).  Thus,  we  discuss  the  effect  of  microstructure  on 
the  Seebeck  coefficient.  In  the  polycrystalline  thin  films,  the 
scattering  by  grain  boundaries  and  surface  should  be  extremely 
important  and  may  play  a  more  prominent  role  in  the 
thermoelectric  properties  as  compared  with  bulk  materials. 

To  have  a  clearer  idea  of  the  scattering  mechanism,  the  Hall 
mobility  as  a  function  of  temperature  for  CoSb3  films 
annealed  at  750  *C  with  different  thicknesses  is  shown  in 
Fig.  4.  The  temperature  dependence  for  the  thin  films  is 
surprisingly  different  from  those  for  the  single  crystals  [13, 
14].  For  the  films,  the  Hall  mobility  values  increase  rapidly 
with  increasing  temperature  up  to  200  K,  then  decrease  as  T 
behavior  at  higher  temperature.  For  the  grain  boundary 
scattering,  the  carrier  mobility  n  is  known  to  increase 
exponentially  with  temperature  as  the  relation, 

/  \  1/2  /  \ 

(1) 
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Table  2  Carrier  concentration  and  potential  barrier  height  of 
CoSb3  films  annealed  at  750  °C  with  different  thicknesses. 


Symbol 

Thickness 

(nm) 

Carrier  concentration 
(cm'3) 

Potential  barrier 
height  (eV) 

0 

71 

1.1  X1018 

0.16 

□ 

231 

5.5  X1017 

0.15 

A 

825 

1.4X1020 

0.19 

where  Eb  is  the  potential  barrier  height  at  grain  boundaries,  L 
the  grain  size,  m *  the  effective  mass  of  carrier,  Boltzmann’s 
constant  [18].  Thus,  the  relation  between  log  Qi  T  m  )  and 
1/r  should  be  linear,  and  the  potential  barrier  height  Eb  can  be 
estimated  from  the  slop.  It  was  found  that  the  plot  of  log  (p 
T 1/2  )  vs  1/T  was  linear  for  the  thin  films,  indicating  that  the 
grain  boundary  scattering  is  the  predominant  scattering 
mechanism.  This  result  also  suggests  that  the  after-annealed 
films  have  fine-grained  microstructures.  On  the  other  hand,  at 
higher  temperature  T  >  200  K,  the  acoustic  phonon  scattering 
is  the  predominant  scattering  mechanism.  The  carrier 
concentration  and  the  potential  barrier  height  are  summarized 
in  Table  2.  The  thin  films  were  found  to  have  extremely  large 
potential  barriers.  The  carrier  concentration  ranges  from  1017 
to  1020  cm"3  depending  on  the  thickness. 

As  shown  in  Fig. 5,  based  on  the  result  of  the  Hall 
measurements,  a  model  to  explain  the  observed  Seebeck 
coefficient  can  be  drawn  taking  into  account  the  carrier  energy 
filtering  effect  due  to  the  potential  barriers  at  grain  boundaries. 
Low-energy  carriers  are  trapped  between  the  potential  barriers 
at  grain  boundaries,  while  high-energy  carriers  conduct 
normally,  resulting  in  an  increase  of  the  Seebeck  coefficient. 
On  the  contrary,  the  electrical  conductivity  decreases  due  to  the 
grain  boundary  scattering,  as  shown  in  Fig.  1.  Assuming  the 
acoustic  phonon  scattering  only  (T  >  200  K)  as  the  charge 
carrier  scattering,  the  Seebeck  coefficient  S  can  consequently 
be  given  by 


. ilEuM  „) 

(5Fi,2(v)  *J 


(2) 


where  j F5/2(^)  and  F3/2(v)  are  the  modified  Fermi  integrals, 
which  are  given  by 


Fn(V)-j: 


exp  (x-  *7)+  1 


dx 


(3) 


where  (p  =E^Jk^T  is  the  reduced  barrier  height  of  the  potential 
barriers  and  r]  =Eilk*T  the  reduced  Fermi  energy  [19].  This 
model  calculation  takes  into  account  the  non-parabolic  band 
dispersion  in  the  vicinity  of  the  top  of  the  valence  band  This 
treatment  is  based  on  the  result  of  the  band  calculation,  in 
which  the  linear  dispersion  at  the  valence  band  top  is  predicted 
for  skutterudite  CoSb3  [15]. 
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Fig.  5:  Model  of  carrier  energy  filtering  effect  due  to  potential 
barriers  at  grain  boundaries. 


Fig.  6:  Dependence  of  Seebeck  coefficient  on  potential  barrier 
height  as  a  function  of  carrier  concentration. 


Figure  6  shows  the  dependence  of  the  Seebeck  coefficient  on 
the  potential  barrier  height  as  a  function  of  the  carrier 
concentration.  The  solid  lines  are  results  of  the  model 
calculation  and  the  plots  are  experimental  values  denoted  by 
the  same  symbols  as  Table  2.  The  calculated  Seebeck 
coefficients  without  potential  barriers  agree  well  with  those  for 
bulk  samples  [16].  The  interesting  features  of  the  calculation 
are  the  following:  (1)  the  Seebeck  coefficient  increases  with 
increasing  potential  barrier  height  due  to  the  carrier  energy 
filtering  effect,  and  (2)  the  Seebeck  coefficient  at  given 
potential  barrier  height  decreases  with  increasing  carrier 
concentration,  similarly  to  an  ordinary  semiconductor  manner. 
The  model  calculation  reproduces  satisfactorily  well  the 
observed  values,  indicating  that  the  large  increase  in  the 
Seebeck  coefficient  can  be  explained  in  terms  of  the  proposed 
model.  It  turned  out  that  the  variation  in  the  Seebeck 
coefficient  with  the  thickness  results  from  the  changes  in  both 
the  potential  barrier  height  and  the  carrier  concentration. 
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Conclusion 

We  have  performed  the  thin  film  growth  of  skutterudite  CoSb3 
on  a  semi-insulating  GaAs(lOO)  substrate  and  investigated  the 
effects  of  annealing  temperature  and  film  thickness  on  the 
thermoelectric  properties.  Major  results  obtained  in  this  study 
are  as  follows. 

(1)  Polycrystalline  p- type  CoSb3  thin  films  with  the 
skutterudite  structure  were  successfully  grown  on  a 
semi-insulating  GaAs  (100)  substrate  by  using  magnetron 
rf-sputtering. 

(2)  Annealing  at  750  °C  promotes  full  crystallization  in  the 
skutterudite  structure,  leading  to  fine-grained 
microstructures  with  considerably  high  potential  barriers 
at  grain  boundaries. 

(3)  The  electrical  and  thermoelectric  properties  (hole  mobility, 
electrical  conductivity,  Seebeck  coefficient)  depend  on  the 
annealing  temperature  and  the  film  thickness.  A  huge 
Seebeck  coefficient  of  about  600  pV/K  was  obtained  for 
the  thin  film  annealed  at  750  °C  with  thickness  of  71  nm, 
and  power  factor  reached  a  value  of  2X 10"4  W/cmK2. 

(4)  The  dependence  of  the  Seebeck  coefficient  on  the 
annealing  temperature  and  the  thickness  can  be  explained 
in  terms  of  a  model  which  takes  into  account  a  carrier 
filtering  effect  due  to  potential  barriers  at  grain  boundaries. 
According  to  the  model,  the  thickness  dependence  of  the 
Seebeck  coefficient  for  the  after-annealed  films  is 
attributed  to  the  changes  in  both  the  potential  barrier 
height  and  the  carrier  concentration. 
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Abstract 

The  electronic  transport  properties  were  investigated  on 
polycrystalline  p- type  CoSb3  with  different  grain  sizes  (about 
3  and  3  X 102  \xm)  to  clarify  the  important  factors  which  affect 
the  hole  mobility.  The  magnetic  susceptibility  was  also 
measured.  Samples  were  found  to  be  stoichiometric  and 
homogeneous  without  any  segregation  of  other  phases.  From 
the  temperature  dependence  of  the  hole  mobility,  it  was  found 
that  the  predominant  scattering  mechanism  depends 
significantly  on  grain  size.  The  magnetic  susceptibility  was 
found  to  be  diamagnetic  independently  of  grain  size,  and  to 
depend  weakly  on  the  temperature.  The  susceptibility  can  be 
explained  by  taking  into  account  the  three  contributions  due  to 
ion  cores,  conduction  electrons,  and  residual  magnetic 
impurities.  From  the  analysis  of  the  susceptibility,  the  effects 
of  residual  magnetic  impurities  on  the  transport  properties  were 
found  to  be  negligible.  In  addition,  the  band  gap  energy  of 
CoSb3  was  determined  to  be  about  70-80  meV.  The  grain 
size  is  one  of  the  key  factors  determining  the  transport  properties 
of  polycrystalline  p- type  CoSb3 . 

Introduction 

CoSb3  with  the  skutterudite  structure  has  recently  attracted 
much  attention  as  a  promising  new  thermoelectric  material 
because  of  its  extremely  high  hole  mobility,  high  thermoelectric 
power,  and  relatively  low  thermal  conductivity  due  to  the 
complex  crystal  structure  [1-8].  A  variety  of  approaches  have 
been  considered  to  maximize  the  thermoelectric  figure  of  merit 
of  this  material  [6],  It  is  important  to  understand  the  electronic 
transport  properties  and  the  phonon  scattering  mechanism  to 
achieve  a  further  improvement  in  the  thermoelectric 
performance  of  this  material.  Several  researchers  performed 
the^-type  single  crystal  growth  by  a  gradient  freeze  technique 
and  the  Sb  flux  method,  and  investigated  the  electronic  transport 
properties  in  detail  to  reveal  the  nature  of  CoSb3  [4,  5].  It  can 
be  considered  that  the  important  factors  which  bring  about 
prominent  effects  on  the  transport  properties  are  (1) 
stoichiometry,  (2)  residual  impurities,  and  (3)  microstructure. 
In  a  previous  paper,  we  reported  the  effects  of  residual  Ni 
impurity  on  the  transport  properties  of  poly  crystalline  CoSb3 
[7].  Recently,  we  also  reported  the  effects  of  the  segregation 
of  other  phases  (Co,  Sb,  CoSb,  and  CoSb^  on  the  hole  mobility 
of  polycrystalline  p- type  CoSb3  [9].  However,  there  are  few 
detailed  studies  on  the  effects  of  microstructure  (such  as  grain 
size,  grain  boundary,  and  porosity)  on  the  transport  properties 


of  polycrystalline  p- type  CoSb3  [10]. 

To  clarify  the  important  factors  which  affect  the  hole  mobility, 
we  prepared  polycrystalline  p- type  CoSb3  with  different  grain 
sizes  using  extra  pure  source  materials,  and  studied  the 
relationship  between  the  electronic  transport  and  the  structural 
properties.  The  effects  of  residual  magnetic  impurities  on  the 
transport  properties  are  also  discussed  from  the  magnetic 
susceptibility. 

Experiment 

Poly  crystalline  /?-type  CoSb3  samples  were  prepared  by  hot- 
pressing  as  follows.  Extra  pure  powders  of  Co  (99.998%: 
Ni-free)  and  Sb  (99.9999%)  were  mixed  in  the  Sb-rich  molar 
ratio  (Co  :  Sb  =  1  :  3.2)  to  avoid  the  segregation  of  Co  or  other 
Co-Sb  phases  such  as  CoSb  and  CoSb2.  The  mixed  materials 
were  sealed  under  vacuum  in  a  carbon-coated  quartz  tube,  and 
annealed  at  873  K  for  48  hours.  Then,  the  resulting  materials 
were  hot-pressed  under  60  MPa  at  923  K  for  1  hour  (sample 
C01),  and  at  1023  Kfor  4  hours  (sample  C05).  Excess  Sb  was 
melted  and  removed  at  the  hot-pressing. 

The  crystal  structure  of  samples  was  checked  by  x-ray 
diffraction.  The  composition  and  homogeneity  of  samples 
were  checked  by  electron-probe  microanalysis  (EPMA).  The 
microstructure  of  samples  was  observed  under  an  optica] 
microscope.  The  average  grain  size  of  samples  was  determined 
by  a  conventional  method.  The  Hall  measurements  were 
carried  out  in  the  temperature  range  from  80  to  300  K  using  a 
van  der  Pauw  technique.  The  Hall  carrier  concentration  n  was 
determined  form  the  Hall  coefficient  Ru  using  Ru=l/en  relation. 
The  Hall  mobility  was  determined  from  the  zero-field 
electrical  conductivity  o  and  the  Hall  carrier  concentration  n 
using  a=e^  •  Measurements  of  the  magnetic  susceptibility 
were  performed  in  the  temperature  range  from  5  to  300  K 
using  a  Quantum  Design  superconducting  quantum  interference 
device  (SQUID)  magnetometer.  Applied  magnetic  field  was  2 
T.  The  background  susceptibility  was  independently  measured 
and  corrected  for. 

Results  and  Discussion 

All  samples  were  found  to  be  single  phase  of  the  skutterudite 
structure  from  the  x-ray  diffraction  measurements.  The  lattice 
constant  of  samples  was  about  9.036  A,  which  agrees  well 
with  single  crystal  values  [5].  The  measured  densities  of  samples 
were  about  98%  of  the  theoretical  value  of  CoSb3  (7.69  g/cm3) 
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Fig.  1 :  Surface  micrographs  of  poly  crystalline  CoSb3  samples 
prepared  by  hot-pressing  at  (a)  923  K  (sample  C01)  and  (b) 
1023  K  (sample  COS). 


[4].  EPMA  results  showed  that  all  samples  were  stoichiometric 
and  homogeneous.  The  segregation  of  other  phases  (such  as 
Sb,Co,  CoSb,  and  CoSb2)  was  not  detected  within  the  resolution 
of  EPMA. 

Figures  1  (a)  and  (b)  show  the  surface  micrographs  of 
poly  crystalline  /Hype  CoSb3  samples  hot-pressed  at  923  K 
(sample  C01)  and  1023  K  (sample  C05),  respectively.  The 
grain  size  of  the  samples  depends  on  the  sintering  temperature. 
The  average  grain  sizes  of  the  samples  C01  and  COS  are  about 
3  and  3  x  102  [xm,  respectively. 

Figure  2  shows  the  Hall  mobility  as  a  function  of  the  temperature 
for  polycrystalline  /Hype  CoSb3  samples  with  different  grain 
sizes.  The  results  are  compared  with  those  for  two  p- type 
single  crystals:  one  was  grown  by  the  gradient  freeze  technique 
(sample  OF)  [4]  and  the  other  was  grown  by  the  Sb  flux 
method  (sample  Sb-flux)  [5].  In  addition,  results  for  polycrystal- 


Temperature  (K) 

Fig.  2:  Hall  mobility  as  a  function  of  the  temperature  for 
polycrystalline  CoSb3  samples  with  different  grain  sizes. 


line  p- type  samples  with  residual  Ni  impurity  of  230  ppm 
(sample  CN12)  [7]  and  a  small  amount  of  other  phases  (mainly 
CoSb2  and  CoSb)  (sample  C09)  [9]  are  shown  in  Fig. 2  as 
references.  The  average  grain  sizes  of  the  samples  CN12  and 
C09  are  about  5  and  4  pm,  respectively.  In  these  polycrystalline 
samples  with  the  impurities,  the  temperature  dependence  of 
the  hole  mobility  can  be  explained  in  terms  of  the  ionized 
impurity  scattering  model,  in  which  the  other  phases  (mainly 
CoSb2  and  CoSb)  and  the  residua]  Ni  impurity  probably  play 
dominant  roles. 

For  the  samples  C01  and  C05,  the  temperature  dependence  of 
the  hole  mobility  depends  significantly  on  the  grain  size.  For 
large  grain  size  (the  sample  COS),  it  can  be  considered  that  the 
predominant  scattering  mechanism  is  the  combination  of  the 
neutral  impurity  scattering  (T  <  100  K)  and  the  acoustic  phonon 
scattering  (T  >  100  K).  The  carrier  scattering  mechanism  for 
the  sample  C05  is  in  good  agreement  with  that  for  the  sample 
GF.  On  the  other  hand,  for  fine  grain  size  (the  sample  C01) 
an  indication  of  T 3a  behavior  shows  that  the  ionized  impurity 
scattering  is  the  predominant  scattering  mechanism,  similarly 
to  the  sample  Sb-flux.  For  the  samples  C01  and  COS,  it  should 
be  noted  that  the  Ni-free  source  powders  were  used  and  that 
there  was  no  clear  evidence  of  the  segregation  of  other  phases. 
Thus,  some  other  types  of  impurities  (except  the  residual  Ni 
and  other  phases)  probably  act  as  the  predominant  scattering 
centers  in  the  samples  C01  and  COS.  Furthermore,  from  the 
relationship  between  the  mean  free  path  of  phonon  and  grain 
size,  it  can  be  expected  that  the  scattering  by  phonons  is 
suppressed  by  grain  size  effects  in  the  sample  C01  with  fine- 
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Temperature  (K) 

Fig.  3:  Hall  carrier  concentration  as  a  function  of  the  temperature 
for  polycrystalline  CoSb3  samples  with  different  grain  sizes. 


grained  structure. 

The  grain  boundary  scattering  is  also  one  of  important  factors 
for  such  fine-grained  materials  as  the  sample  C01.  In  this 
case,  the  carrier  mobility  fx  is  known  to  increase  exponentially 
with  increasing  temperature  as  the  relation  tx  °c  T  "1/2exp[-£b 
l(kBT)],  where  i^is  the  energy  barrier  at  grain  boundaries  and 
kB  the  Boltzmann's  constant  [11].  Thus,  the  relation  between 
log(//  T  m)  and  1/r  should  be  linear.  However,  it  was  found 
that  the  plot  of  log(ju  T  m)  vs  1/7"  is  not  linear  for  the  sample 
C01,  indicating  that  the  grain  boundary  scattering  is  not  the 
predominant  scattering  mechanism. 

The  values  of  the  Hall  carrier  concentration  are  plotted  as  a 
function  of  the  temperature  for  poly  crystalline  /?-type  CoSb3 
samples  with  different  grain  sizes  in  Fig.3.  The  values  at 
room  temperature  for  the  polycrystalline  samples  are 
comparable  to  that  for  the  sample  GF,  but  approximately  an 
order  of  magnitude  larger  than  that  for  the  sample  Sb-flux. 
Interesting  features  seen  in  Fig.3  are  the  following:  (1)  although 
the  temperature  dependence  of  the  hole  mobility  depends  on 
the  grain  size,  the  temperature  dependence  of  the  Hall  carrier 
concentration  is  almost  independent  of  the  grain  size,  and  (2) 
for  both  the  polycrystalline  samples  and  the  single  crystals, 
the  Hall  carrier  concentration  depends  slightly  on  the 
temperature. 

Figure  4  shows  the  temperature  dependence  of  the  magnetic 
susceptibility  x  f°r  poly  crystalline  p-type  CoSb3  samples  with 
different  grain  sizes.  For  the  polycrystalline  samples,  the 
magnetic  susceptibility  is  essentially  diamagnetic  independently 
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Fig.  4:  Magnetic  susceptibility  x  as  a  function  of  the  temperature 
for  polycrystalline  CoSb3  samples  with  different  grain  sizes. 
Solid  lines  are  results  of  fitting  using  Eq.  (1)  based  on  a  proposed 
model.  The  dashed  line  indicates  the  estimated  contribution 
of  the  ion  cores  x  { • 

of  the  grain  size.  However,  the  susceptibility  depends  weakly 
on  the  temperature.  The  results  for  the  polycrystalline  samples 
agree  well  with  that  for  the  sample  GF  [4].  These  facts  show 
that  the  crystal  quality  of  the  grains  in  the  polycrystalline 
samples  is  as  high  as  that  of  the  single  crystal.  The  magnetic 
susceptibility  of  ion  cores  is  well  known  to  be  independent  of 
the  temperature.  The  ion  core  susceptibility  of  the  samples 
was  estimated  to  be  approximately  -9  x  1(T5  emu/mol  from 
the  atomic  susceptibility  values  of  the  constituents.  Thus,  the 
weak  temperature  dependence  is  due  to  some  paramagnetic 
contributions. 

The  weak  temperature  dependence  of  the  magnetic 
susceptibility  can  be  divided  into  two  different  regions:  (1)  a 
relatively  large  decrease  up  to  about  50  K,  and  (2)  a  slight 
increase  from  50  to  300  K.  The  region  (1)  can  be  attributed  to 
the  paramagnetic  contribution  due  to  residual  magnetic 
impurities.  Since  the  paramagnetic  susceptibility  follows  the 
Curie  low,  the  paramagnetic  contribution  due  to  residual 
magnetic  impurities  decreases  with  increasing  temperature.  The 
region  (2)  can  be  explained  by  the  semiconducting  behavior  of 
CoSb3.  As  the  temperature  increases,  the  number  of  electrons 
in  the  conduction  band  increases,  and  consequently  the 
paramagnetic  contribution  due  to  the  conduction  electrons 
increases.  The  appearance  of  the  paramagnetic  contribution 
due  to  the  conduction  electrons  is  reasonably  consistent  with 
the  experimental  result  that  the  Hall  carrier  concentration 
increases  gently  with  increasing  temperature. 

Therefore,  the  observed  susceptibility  x  can  be  explained  by 
taking  into  account  the  three  contributions,  the  diamagnetic 
susceptibility  due  to  the  ion  cores  x  {  (the  negative  constant 
value),  the  paramagnetic  susceptibility  due  to  the  conduction 
electrons  x& ,  and  the  paramagnetic  susceptibility  due  to  residual 
magnetic  impurities  xm-  Solid  lines  in  Fig.4  are  the  results  of 
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fitting  based  on  our  model  using  the  following  relation, 

=*  i+N0exp[~Ej(2kBT)]+C/T  (1) 

where  N0  is  the  constant,  E%  the  band  gap  energy,  and  C  the 
Curie  constant.  The  contribution  xt  can  be  assumed  to  be 
simply  proportional  to  the  number  of  the  conduction  electrons 
[12].  Equation  (1)  can  reproduce  well  the  experiments, 
supporting  our  explanation  of  the  temperature  dependence  of 
the  susceptibility.  The  values  of  the  band  gap  energy  Eg  were 
determined  to  be  about  70  and  80  meV  for  the  samples  C01 
andC05,respectively,fromthefittingabove50  K.  The  obtained 
values  are  in  reasonable  agreement  with  the  recent  band- 
structure  calculation  of  CoSb3  made  by  Singh  and  Pickett,  in 
which  they  predict  a  50-meV  narrow  gap  [13].  In  addition, 
from  the  Curie  constant,  it  was  found  that  the  quantity  of 
residual  magnetic  impurities  in  the  samples  is  so  small  that  the 
effects  of  residual  magnetic  impurities  on  the  transport 
properties  can  be  negligible. 

Conclusion 

To  clarify  the  important  factors  which  affect  the  hole  mobility, 
we  have  performed  the  detailed  study  on  the  electronictransport 
properties  of  polycrystalline  p- type  CoSb3  with  different  grain 
sizes.  We  have  also  measured  the  magnetic  susceptibility  to 
obtain  the  data  on  the  effects  of  residual  magnetic  impurities 
on  the  transport  properties.  Major  results  obtained  in  this 
study  are  as  follows: 

(1)  The  detailed  impurity  analyses  strongly  suggest  that  the 
effects  of  residual  magnetic  impurities  and  other  phases  on 
the  transport  properties  can  be  negligible. 

(2)  The  temperature  dependence  of  the  hole  mobility  shows 
that  the  predominant  carrier  scattering  mechanism  depends 
significantly  on  grain  size.  Thus,  the  grain  size  is  one  of 
the  key  factors  determining  the  hole  mobility  of 
polycrystalline  p- type  CoSb3. 

(3)  The  magnetic  susceptibility  is  diamagnetic  independently 
of  grain  size.  But  the  susceptibility  depends  weakly  on  the 
temperature.  The  susceptibility  can  be  explained  by  the 
three  contributions  due  to  ion  cores,  conduction  electrons, 
and  residual  magnetic  impurities. 

(4)  The  band  gap  energy  of  CoSb3  can  be  determined  to  be 
about  70-80  meV  from  the  analysis  of  the  susceptibility. 
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Abstract 

We  prepared  single  crystals  of  CoSb3  by  chemical  vapor 
transport  and  from  Sb-rich  melt.  We  performed  measurements 
of  the  resistivity,  the  Hall-effect  and  thermoelectric  power 
over  a  large  temperature  range. 

The  observed  temperature  dependence  of  the  Hall-coefficient 
can  be  explained  on  the  basis  of  an  acceptor  impurity  band  and 
an  additional  deep  acceptor  level.  The  values  of  the  activation 
energies  of  the  shallow  and  deep  acceptors,  their 
concentrations,  as  well  as  the  concentrations  of  the 
compensating  donors  were  calculated. 

The  contributions  of  different  scattering  mechanisms  were 
determined  on  the  basis  of  many  available  parameters  from  the 
literature  and  our  own  measurements.  It  is  shown,  that  the 
scattering  due  to  polar  and  nonpolar  optical  phonons  is  the 
dominant  process  at  high  temperatures.  The  value  of  the 
valence  band  deformation  potential  is  estimated. 

Introduction 

Compounds  with  skutterudite  structure  are  considered  as  very 
promising  thermoelectric  materials  and  found  a  lot  of  interest 
in  the  last  few  years.  However  the  correct  interpretation  of  the 
transport  properties  is  still  a  matter  of  debate.  Assuming  that 
the  knowledge  of  the  fundamental  physics  of  skutterudites  is 
important  for  improving  the  technology,  we  took  a  closer  look 
at  the  transport  properties  of  CoSb3. 

Experimental  Procedure 

CoSb3  exhibits  a  peritectical  point  at  873  °C.  Therefore  CoSb3 
single  crystals  were  grown  by  chemical  vapor  transport  in 
closed  silica  ampoules  using  iodine  as  transport  agent  (Fig.  1) 
and  by  a  flux  method  in  Sb-rich  melts  [1]. 


Fig.  1:  CVT  grown  CoSb3  single  crystal. 


The  quality  of  the  obtained  crystals  was  checked  by  XRD 
analysis.  Optical  and  EDX  measurements  carried  out  on 
polished  samples  did  not  show  any  inclusions  of  Sb  (flux)  or 
iodine  (CVT). 

The  resistivity  and  the  Hall-coefficient  were  determined  in  the 
temperature  range  from  4  K  to  400  K  in  a  dc  magnetic  field  of 
0.6  T. 

Results  and  Discussion 

The  1/T  dependence  of  the  resistivity  is  nearly  exponential  in 
two  temperature  ranges  (Fig.  2).  The  Hall-coefficient  grows 
with  decreasing  temperature  and  shows  a  maximum  at  low 
temperatures  (Fig.  3).  The  change  in  slope  of  the  p(l/T) 
curves  is  observed  near  the  temperatures  corresponding  to  the 
maximum  of  the  Hall-coefficient. 


1000/T  [1/K] 


Fig.  2:  Resistivity  as  function  of  reciprocal  temperature. 


temperature  [K] 

Fig.  3:  Temperature  dependence  of  the  Hall-coefficient. 
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The  value  of  the  Hall-mobility  (#4-1)  increases  with  increasing 
temperature,  reaches  a  maximum  (up  to  8000  cm2/(Vs))  at 
about  200  K  and  decreases  as  T'n  (where  n  =  1.1)  for  higher 
temperatures  (Fig.  4). 


Fig.  4:  Temperature  dependency  of  the  Hall-mobility. 


Using  Eq.  (2)  and  Eq.  (3)  it  is  possible  to  estimate  the  value  of 
the  acceptor  concentration  Na2. 

In  the  case  of  high  temperatures,  assuming  that 
d  E 

p  »  Nd ,  2 - exp — —  »  1 ,  Eq.  (1)  can  be  written  as 

Nv  k_T 


P  = 


AT 


—  AT . 


1/2  / 

exp  - 


2  kj 


(4) 


Keeping  in  mind  that  Nv  is  proportional  to  T372  the  dependence 
of  ln(p/T374)  on  1/T  should  be  a  straight  line.  In  fact  this 
behavior  could  be  observed,  which  confirms  the  assumptions 
made  and  permits  us  to  determine  the  value  of  E^. 

For  low  temperatures  it  is  possible  to  neglect  the  deep 
acceptors  and  Eq.  (1)  simplifies  to 


P  +  Nd  = 


A/T 


P  Ea\ 

1+2^exp^ 


(5) 


The  observed  features  of  Rh(T)  as  well  as  the  character  of  the 
temperature  dependencies  of  p(T)  and  pH(T)  could  be 
explained  assuming  the  existence  of  an  acceptor  impurity  band 
formed  by  shallow  impurity  levels  [2-7].  The  value  of  the 
activation  energy,  estimated  on  the  basis  of  the  high 
temperature  Hall-coefficient  data  is  more  than  a  magnitude 
higher  than  the  value  derived  at  low  temperature.  This 
suggests  the  existence  of  an  additional  deep  acceptor  level. 
Assuming  two  acceptor  and  one  additional  donor  level,  the 
carrier  density  as  a  function  of  temperature  can  be  given  by  the 
following  expression  [8] 


P+Nd  = 


N, 


N_. 


lx,  P  1x~  P  Ea> 


CD 


Assuming  p  «  Nd  Eq.  (5)  could  be  reduced  to 


P  = 


Nv  Nal-Nd 
2  Nd 


f 

exp  ■ 
v 


kBTj 


(6) 


Now  the  dependence  of  ln(p/T372)  on  1/T  is  linear  which 
allows  us  to  estimate  the  value  of  EaJ. 

Finally,  if  the  value  of  m*/mo  is  known,  the  application  of 
Eq.  (3)  and  Eq.  (6)  results  in  Nal  and  Nd.  The  value  of  m*/mo 
was  estimated  using  the  thermolectric  power  and  Hall-mobility 
measurements  and  yields  m*  =  0.067  mo  and  m*  =  0.036  mo 
for  scattering  by  acoustical  and  polar  optical  lattice  vibrations 
respectively. 

The  results  are  summarized  in  table  1. 


Where  Nai?2  is  the  concentration  of  the  shallow  and  deep 
acceptor  levels  respectively  and  Nd  is  the  concentration  of 
compensating  donors.  Eaii2  are  the  activation  energies  of  the 
acceptors  and  Nv  states  the  density  of  states  in  the  valence 
band  (Nv  =  1/4  (87cm*kBT/h2)3/2). 

At  high  temperatures,  where  all  the  impurities  are  depleted, 
this  leads  to 

P  =  -^-=Nal  +  Nal-Nd.  (2) 

eRH.n 

At  very  low  temperatures,  in  the  carrier-freezing  region,  the 
conduction  process  only  takes  place  in  the  impurity  band  and 
the  Hall-coefficient  is  given  by 

-±-  =  pi  =  Nai-Nil.  (3) 

eRH. , 


Tab.  1:  Parameters  of  CoSb3  single  crystals. 


sample 

N„ 

Na2 

Nd 

E„ 

Ea2 

[cm’3] 

[cm'3] 

[cm3] 

[meV] 

[meV] 

#4-1 

1.5-1017 

1.37-1017 

0.931017 

<  1 

47 

#6-1 

3.1-1017 

1.24-1017 

1.621017 

<  1 

38 

The  value  of  Ea2  is  about  50  ±  10  meV.  This  energy  is  in  an 
agreement  with  a  recent  band-structure  calculation  of  CoSb3 
performed  by  Singh  and  Picket  [9]  in  which  they  predict  a 
50  meV  semiconducting  gap. 

For  low  temperatures  a  further  analysis  of  the  temperature 
dependence  of  the  Hall-coefficient  has  been  made  on  the  basis 
of  a  two-band  model.  In  accordance  with  the  method  presented 
in  Ref.  6,  the  temperature  dependence  of  p,  the  hole 
concentration  in  the  valence  band  and  pi,  the  hole 
concentration  in  the  impurity  band,  were  calculated  (Fig.  5). 
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Fig.  5:  Concentration  of  holes  in  the  valence  and  impurity 
band  respectively  (#4-1). 

The  main  scattering  mechanisms  in  CoSb3  are  still  unknown. 
In  order  to  estimate  the  strength  of  different  mechanisms  the 
total  mobility  was  calculated  using  Mathiessen's  rule 


(7) 


where  pac,  m*,,  IV  and  ^  are  the  mobilities  of  the  charge 
carriers  due  to  scattering  by  acoustic  lattice  modes,  nonpolar 
optical  modes,  polar  optical  modes  and  ionized  impurities 
respectively. 

For  the  acoustic  mode  scattering  we  used  the  expression  [10] 


A* 


(8  7r)l/2gfi4pQ»2 

3(kj)m  E2Jm*J 


(8) 


where  po  is  the  density,  u  is  the  longitudinal  velocity  of  sound 
and  Eac  stands  for  the  valence  band  deformation  potential.  The 
velocity  of  sound  can  be  estimated  using  [1 1] 


where  V  is  the  average  atomic  volume. 

The  combined  effect  of  the  acoustic  and  nonpolar  optical 
modes  is  described  by  [12] 

00) 

where  x  marks  the  squared  ratio  of  the  nonpolar  optical  and 
acoustic  mode  deformation  potentials.  The  values  for  the 
function  S(©d,  x,  T)  are  tabulated  in  Ref.  11. 

For  the  mobility  due  to  scattering  by  polar  optical  phonons  the 
following  equation  holds  [13] 


where  denotes  the  high  frequency  dielectric  constant,  z  is 
the  ratio  ©r/T  and  G(z)  is  a  tabulated  function  which  could  be 
approximated  in  the  range  of  100  K  to  300  K  by 
0.56  +  26.93/T.  The  value  of  Eq  was  calculated  using  data  on 
lattice  vibrations  in  CoSb3  and  the  Lyddane-Sachs-Teller 
relation  [14]. 

The  Hall-mobility  due  to  ionized  impurity  scattering  was 
calculated  according  to  the  Brooks-Herring  formula  [15] 


(\3/2 

kj) 


(12) 


where  Nj  is  the  concentration  of  the  ionized  impurities  which 
is  Nj  =  2  Nd  +  p  according  to  Eq.  2.  The  function  f(x)  is  given 
by  the  relation  f(x)  =  ln(l+x)  -  x/(l+x)  with  the  abbreviation 
x  =  6eom*(kBT)2/(TO2/i2  p). 

For  the  simulation  of  the  experimental  data  the  values  of  m* 
obtained  from  thermopower  measurements  were  taken  into 
account.  As  free  parameters  the  concentration  of  donors  Nd 
and  the  deformation  potential  Eac  were  used.  The  results  are 
shown  in  Fig.  6  and  Fig.  7. 


Fig.  6  and  7;  Comparison  of  observed  and  calculated  Hall- 
mobilities  for  different  effective  masses. 


Vpo 


8^T1/2(expz-l) 
3(2fl 'kB)  c©D(/n*)3'2 


G(z) 


The  values  Eac  =  5  eV  and  Eac  =  20  eV  for  m*/mo  =  0.036  and 
m*/mo  =  0.067  respectively  were  estimated  from  the  fitting 
procedure.  Nd  could  be  estimated  to  Nd  =  7.91016  cm3,  which 
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is  in  satisfactory  agreement  with  the  value  determined  from  the 
Hall-coefficient  data. 

The  scattering  due  to  polar  optical  phonons  and  nonpolar 
optical  phonons  is  most  important  at  temperatures  between 
150  K  and  400  K.  The  availability  of  a  more  exact  value  of 
m*/mo  is  necessary  to  separate  these  two  scattering 
mechanisms.  Experiments  to  determine  the  effective  mass 
using  the  Shubnikov-de  Haas-effect  are  in  operation. 
Furthermore  the  analysis  of  the  scattering  in  the  low 
temperature  region  is  complicated  due  to  the  influence  of  the 
impurity  band  conduction. 

Summary 

CoSb3  single  crystals  using  two  different  techniques  were 
grown.  Low  hole  concentrations  and  a  remarkable  high  Hall- 
mobility  of  up  to  8000  cm2/(Vs)  were  observed. 

The  temperature  dependence  of  the  Hall-coefficient  can  be 
explained  using  the  approximation  of  two  acceptors  and  one 
donor.  The  value  of  the  activation  energy  of  the  shallow  and 
deep  acceptors,  their  concentration  as  well  as  the 
concentration  of  the  compensating  donors  were  calculated. 

The  dominant  scattering  mechanisms  were  determined  using 
analysis  of  the  Hall-mobility  data  and  the  value  of  the  valence 
band  deformation  potential  was  estimated. 
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Abstract 

To  get  high  ZT  values,  grain  size  optimization  of  hot-pressed 
CoSb3  is  very  important.  Although  single  crystals  of  CoSb3  have 
high  electrical  conductivities  and  moderate  Seebeck  coefficients, 
the  ZT  values  are  relatively  low  because  of  the  high  thermal 
conductivities.  We  tried  to  lower  the  thermal  conductivity  of 
hot-pressed  CoSb3  by  reducing  the  grain  size.  Mechanical 
alloying  of  the  raw  material  powders  of  Co  and  Sb  was  the  very 
effective  method  to  reduce  the  grain  size  of  hot-pressed  CoSb3. 
This  paper  shows  the  relations  between  the  thermoelectric 
properties  (Hall  mobility,  Seebeck  coefficient,  electrical 
conductivity  and  thermal  conductivity)  and  the  grain  size.  The 
thermal  conductivity  of  hot-pressed  CoSb3  decreased  with 
reducing  the  grain  size.  The  value  of  4.19  Wnv'K1,  which  is 
about  40%  of  the  single  crystals,  was  ultimately  obtained  at  293K 
for  the  hot-pressed  material  with  an  average  grain  size  of 
0.9  fi  m.  Although  the  larger  grain  size  is  preferable  to  attain  a 
high  ZT  value  at  293K,  because  of  the  greater  decrease  of  the 
carrier  mobility  than  the  thermal  conductivity  with  reducing  the 
average  grain  size,  the  highest  ZT  value  of  0.10  was  obtained  at 
673K  on  the  sample  with  an  average  grain  size  of  2.1  /x  m. 


conductivity,  electrical  conductivity  and  Seebeck  coefficient  of 
CoSb3,  and  optimize  the  grain  size  to  maximize  the  Z  value. 

Grain  size  optimization  is  very  important,  in  particular  from  the 
viewpoint  of  the  advanced  thermoelectric  material  processing. 
We  must  choose  the  best  production  method  considering  the 
production  cost  and  the  performance  of  candidate  materials  . 
Particularly  in  powder  metallurgy,  which  is  one  of  the  promising 
mass  production  methods,  we  have  to  decide  the  processing 
conditions  which  have  strong  effects  to  change  the  grain  size. 
We  believe  that  this  work  will  help  to  select  a  processing 
technique  and  fix  the  processing  conditions  for  producing 
skutterudite  thermoelectric  materials  in  the  near  future. 

Mechanical  alloying  of  raw  material  powders  with  the  subsequent 
hot-pressing  is  the  very  effective  method  to  obtain  fine-grained 
materials  [8],  which  has  been  broadly  used  in  powder  metallurgy 
recently  [9].  We  applied  the  method  to  the  preparation  of  CoSb3 
with  an  average  grain  size  below  1  /i  m.  On  the  other  hand,  we 
annealed  hot-pressed  CoSb3  to  increase  the  grain  size.  And  we 
obtained  several  CoSb3  materials  with  the  various  average  grain 
sizes  of  0.9  to  40  //  m,  and  evaluated  the  thermoelectric 
properties. 


1.  Introduction 

Skutterudite  materials  have  been  investigated  as  the  promising 
candidates  for  advanced  thermoelectric  materials  intensively  for 
several  years  [1,  2].  To  attain  the  high  conversion  efficiency  of 
thermoelectric  devices,  thermoelectric  materials  used  should 
have  the  high  thermoelectric  figure  of  merit  (  Z  )  which  is  a 
function  of  the  Seebeck  coefficient  (  S  ),  electrical  conductivity 
(  a  )  and  thermal  conductivity  (  tc  ),  and  is  defined  as 

Z=S2  O  /  k  (1) 

Although  binary  skutterudite  antimonides  such  as  CoSbJ3], 
RhSb3  [4]  and  IrSb3  [5]  have  the  high  electrical  conductivities 
and  the  moderate  Seebeck  coefficients,  Z  values  of  the  binary 
skutterudite  antimonides  are  not  high  enough  to  get  the  high 
conversion  efficiency  because  their  thermal  conductivities  are 
relatively  high.  To  obtain  a  high  Z  value,  the  electrical  to  thermal 
conductivity  ratio  should  be  enhanced. 

The  first  approach  to  enhance  the  ratio  is  introducing  point- 
defects  into  the  skutterudite  crystal  structure  [6].  The  alloyings 
of  these  compounds  have  been  investigated  for  the  purpose,  and 
some  successful  results  have  been  obtained  by  A.  Borshchevsky 
et  al.  [7]. 

The  second  approach  is  increasing  the  number  of  grain 
boundaries  per  unit  length  in  the  materials  [6].  Although  the 
thermal  conductivity  of  CoSb3  single  crystals  is  as  high  as  about 
10  Wm  'K1  at  293K  [3],  fine-grained  sintered  CoSb3  materials 
are  expected  to  have  lower  thermal  conductivities  due  to 
boundary  scattering.  However,  the  electrical  conductivity  is  also 
supposed  to  be  reduced  by  the  grain  boundaries.  The  purpose  of 
this  work  is  to  clarify  the  grain  size  effects  on  the  thermal 


2.  Experimental  procedure 

2.1  Sample  preparation 

Figure  1  shows  the  schematic  experimental  procedure  of  CoSb3 
sample  preparation.  High  purity  granular  Sb  (99.999%)  and  Co 
powder  (99.9985%)  were  used  as  raw  materials.  They  were 
ground  and  mixed  each  other  in  the  Sb/Co  atomic  ratio  of  3.05 
using  a  mortar  and  pestle  made  of  WC  and  Co.  The  mixed  Co 
and  Sb  powders  were  heated  in  argon  at  923K  for  50h  to 
synthesize  CoSb3,  and  ground  with  the  mortar  and  pestle.  For 
the  finer  grinding  of  CoSb3,  the  synthesized  material  was  ground 
for  8h  in  argon  using  a  planetary  ball  mill  "pulverisette  5"  of 


C°  njHft 


sb  r 


^Mechanical  alloying) — ^(l-lot  pressing)— CoSb3  Sample  1 


200rpm,  20h,  in  Ar 


29MPa,  873K, 
lOh,  in  Ar 


[-^Heating)-*-  CoSbalrHpall  miningMHot  pressing)^  Sample  2j 

923K,  50h,  inAr  |  by  planetary  29MPa,  823K, 

ball  mill  10h.  in  Af 


^Reduction  Sample  3 


873K,  20h,  in  10%H2-90%Ar 


l^{Grinding}-^(not  pressinghrH  Sample  4 


by  mortar  29MPa,  873K, 

and  pestle  lOh,  in  Ar 


(  Annealing  )-»»  Sample  5 
1073K,  20h,  inAr 


Figure  1.  Schematic  preparation  procedure  of  CoSb3  samples 
with  various  grain  sizes. 
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(3) 


FRITSCH,  Germany.  The  grinding  media  and  bowls  of  the  mill 
were  made  of  partially  stabilized  zirconia.  The  ground  materials 
were  hot-pressed  at  823  or  873K  for  1  Oh  at  a  pressure  of  29MPa 
in  argon.  During  the  hot  pressing,  samples  were  enveloped  by 
graphite  foil.  To  get  coarse-grained  CoSb3,  the  hot-pressed 
samples  were  annealed  in  argon  at  1073K  for  20h.  The  samples 
were  cut  into  several  pieces  for  the  characterization  and 
thermoelectric  property  measurement  described  in  the  following 
sections,  after  those  surfaces  were  removed. 

As  described  in  the  introduction,  to  prepare  fine-grained  CoSb3 
with  an  average  grain  size  below  1  jjl  m,  the  raw  materials  were 
mechanically  alloyed  for  20h  in  argon  using  a  planetary  attrition 
mill  and  hot-pressed  at  873K  for  1  Oh  at  a  pressure  of  29MPa  in 
argon.  The  attrition  mill  was  composed  of  steel  ball  media,  a 
stainless  steel  central  shaft  with  arms  and  a  stainless  steel 
container. 

To  reduce  the  oxygen  concentration  of  the  sample,  the  hot- 
pressed  samples  with  an  average  grain  size  of  2.1  //  m  were 
heated  at  873K  in  argon  containing  10%  hydrogen  for  20h. 

2.2  Characterization 

Cross  sections  of  the  prepared  samples  were  polished,  etched 
with  cone,  nitric  acid,  and  observed  by  optical  microscope  and 
scanning  electron  microscope  (SEM).  The  average  crystal  grain 
size  of  prepared  samples  was  determined  by  the  following 
method.  Six  micrographs  were  taken  at  random  for  the  each 
sample  and  five  lines  were  drawn  at  regular  intervals  in  the  each 
micrograph.  The  number  of  grains  which  an  line  crossed  was 
counted  and  the  length  of  the  line  was  divided  by  the  number  of 
grains.  By  the  same  way,  thirty  values  were  obtained  for  the 
each  sample  and  the  average  crystal  grain  size  was  determined 
by  the  arithmetic  mean  of  the  thirty  values. 

Crystal  phases  were  analyzed  by  powder  X-ray  diffractmetry. 
Densities  of  the  samples  were  calculated  from  the  size  and  the 
mass  of  the  rectangular  samples.  And,  oxygen  and  metallic 
impurity  contents  were  determined  by  the  inert  gas  fusion  method 
and  electrothermal  atomic  absorption  analysis,  respectively. 

2.3  Thermoelectric  property  measurement 

The  electrical  conductivity  and  the  Seebeck  coefficient  were 
measured  simultaneously  using  ULVAC  ZEM-1  at  the 
temperature  range  of  210  to  680K  in  helium.  In  the  measurement, 
the  electrical  conductivity  was  measured  using  the  two  probe 
method  [10]. 

The  thermal  conductivity  was  calculated  from  thermal 
diffusivity,  specific  heat  capacity  and  density.  Thermal  diffusivity 
was  obtained  by  the  laser  flash  measurements  on  ULVAC  TC- 
7000  at  293  and  673K  in  vacuum.  And  specific  heat  capacity 
was  measured  using  PERKIN  ELMER  DSC7  at  the  temperature 
range  of  303  to  723K.  The  specific  heat  capacity  at  293K  was 
determined  by  extrapolation  method. 

The  Hall  coefficient  (RH)  and  the  electrical  conductivity  (  o  ) 
were  measured  using  the  van  der  Pauw  method  [10].  The  carrier 
density  (n)  was  calculated  from  the  Hall  coefficient  by 

n=l/RHe  (2) 

where  e  is  the  electronic  charge  of  the  hole.  The  Hall  mobility  ( 
jjl  H)  was  calculated  from  the  Hall  coefficient  and  the  electrical 
conductivity  by 


P  H  ^ 

3.  Results  and  discussion 

3.1  Characterization 

Table  1  shows  the  average  grain  size,  impurity  contents  and 
density  of  the  samples  which  were  prepared  by  the  methods 
described  in  Figure  1.  The  microstructures  of  the  samples  are 
shown  in  Figure  2.  Although  grain  growth  happened  during  the 


Table  1.  The  average  grain  size,  impurity  contents  and  density 
of  the  samples  which  were  prepared  by  the  methods  shown  in 
Figure  1 . 


Sample 

Average 
grain  size 

(/*m) 

Impurity  contents  (ppm) 

Density 
( g  /cm) 

Oxygen 

Fe 

Ni 

1 

0.9 

2300 

250 

64 

7.34 

2 

2.1 

2500 

<1 

<1 

6.82 

3 

2.1 

1200 

<1 

<1 

6.84 

4 

7.9 

600 

2 

1 

7.44 

5 

40 

600 

2 

<1 

7.20 

annealing  at  1073K,  grain  size  did  not  change  during  the 
reduction  at  873K  because  the  reduction  temperature  was  not 
high  enough  for  the  grain  growth.  The  microstructure  of  the 
sample  3  is  same  as  of  the  sample  2  which  is  shown  in  Figure  2 
(b). 

The  oxygen  contents  of  the  raw  materials  increased  after  the 
mechanical  alloying  or  ball  milling,  because  the  surface  areas 
of  the  milled  powders  were  larger  than  the  original  powders. 
The  reduction  of  the  hot-pressed  sample  in  10%H2-90%Ar  was 
effective  to  decrease  the  oxygen  content.  The  concentrations  of 
metallic  impurities,  in  particular  Fe  and  Ni  increased  during  the 
mechanical  alloying  of  the  raw  materials,  because  the  materials 
of  the  attrition  mill  wore  and  caused  contamination  of  the  sample. 
The  measured  densities  of  the  prepared  samples  in  this  study 
are  higher  than  88%  of  the  theoretical  density  (7.69  g/cm3). 

Powder  X-ray  diffractmetry  (XRD)  shows  that  the  mechanically 
alloyed  powder  contains  small  percentages  of  a  CoSb3  and  CoSb2 
phase  besides  a  Co  and  Sb  phase.  And,  XRD  also  shows  that  the 
all  hot-pressed  samples  consist  of  a  main  CoSb3  phase  and  a 
very  slight  Sb  phase. 

3.2  Thermoelectric  properties 

The  thermoelectric  properties  of  the  hot-pressed  samples  which 
were  measured  at  293K  are  shown  in  Table  2.  From  the 


Table  2.  The  thermoelectric  properties  of  hot-pressed  CoSb3 
materials  which  were  measured  at  293K. 


Sample 

s 

UV/K} 

K 

(Wnrr’K-1) 

a 

(S/cm) 
by  two  probe 
method 

a 

(S/cm) 
by  van  der 

Pauw  method 

Ah 

(cm/Vs) 

n 

(1018/cnf) 

1 

140 

4.19 

74 

87 

70 

7.71 

2 

185 

5.43 

97 

93 

271 

2.13 

3 

182 

5.61 

93 

67 

216 

1.92 

4 

150 

9.23 

!  328 

320 

794 

2.52 

5 

156 

9.36 

571 

590 

!  1758 

2.09 
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Figure  2.  Optical  micrographs  of  hot-pressed  CoSb3  (a)  sample  1,  (b)  sample  2,  (c)  sample  4  and  (d)  sample  5,  which  were 
etched  by  cone. nitric  acid.  The  microstructure  of  the  sample  3  is  same  as  of  the  sample  2. 


comparison  of  the  thermoelectric  properties  of  the  sample  2  with 
of  the  sample  3,  oxygen  content  do  not  affect  the  properties  in 
Table  2  considerably.  The  carrier  densities  of  the  samples  are 
about  2  x  1018  cm  3  except  7.71  x  1018  cm  3  of  the  sample  1  which 
contains  Fe  of  250ppm  and  Ni  of  64ppm.  The  relation  between 
the  Hall  mobility  at  293K  and  the  average  grain  size  is  shown  in 
Figure  3  based  on  the  data  of  Table  1  and  2.  As  shown  in  Figure 
3,  the  Hall  mobility  at  293K  greatly  decreases  reducing  the 
average  grain  size. 

Figure  4  shows  the  relation  between  the  average  grain  size  and 
the  thermal  conductivity  measured  at  293  and  673K.  The  thermal 
conductivity  considerably  decreases  reducing  the  average  grain 
size,  in  particular  below  8  /i  m. 

The  electrical  conductivities  were  measured  by  the  two  methods, 
namely,  the  two  probe  method  and  the  van  der  Pauw  method. 
Table  2  shows  that  the  electrical  conductivities  measured  by  the 
two  probe  method  nearly  coincide  with  the  values  by  the  van 
der  Pauw  method.  The  values  by  the  two  probe  method  were 
used  for  the  calculation  of  ZT.  Figure  5  shows  the  electrical 
conductivity  measured  by  the  two  probe  method  as  a  function 
of  reciprocal  temperature.  The  measured  values  in  a  cryo-fumace 


almost  coinside  with  the  values  measured  in  an  infrared  image 
furnace,  as  shown  as  the  data  of  the  temperature  range  from  310 
to  410K  in  Figure  5.  The  electrical  conductivity  depends  greatly 
on  the  average  grain  size  at  lower  temperature,  as  shown  in  Figure 

5.  Based  on  the  data  in  Figure  5,  the  electrical  conductivities  at 
293  and  673K  as  a  function  of  the  grain  size  are  shown  in  Figure 

6.  The  electrical  conductivity  at  293K  decreases  to  30%  of  the 
original  value  when  the  average  grain  size  reduces  from  7.9  to 
2.1  //  m,  because  the  Hall  mobility  greatly  decreases  reducing 
the  average  grain  size  as  described  above.  However,  the  electrical 
conductivity  of  the  sample  1  ( an  average  grain  size  of  0.9  fi  m) 
is  almost  same  as  of  the  sample  2  (  an  average  grain  size  of 
2.1  fi  m)  at  293K,  because  the  increase  of  the  carrier  density 
compensates  the  decrease  of  the  Hall  mobility. 

Figure  7  shows  the  Seebeck  coefficient  as  a  function  of 
temperature.  In  the  temperature  range  from  210  to  680K,  all 
samples  show  the  p-type  conduction.  Based  on  the  data  in  Figure 

7.  the  Seebeck  coefficients  at  293  and  673K  as  a  function  of  the 
average  grain  size  are  shown  in  Figure  8.  The  Seebeck  coefficient 
do  not  depend  on  the  average  grain  size  very  much.  The 
impurities  of  Fe  and  Ni  may  reduce  the  Seebeck  coefficients  of 
the  sample  1  slightly. 
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Average  grain  size  (/*m) 


Figure  3.  Hall  mobility  at  293K  of  hot-pressed  CoSb3  as  a 
function  of  the  average  grain  size. 


Figure  6.  Electrical  conductivities  at  293  and  673K  versus 
the  average  grain  size  of  hot-pressed  CoSby 


Figure  4.  Thermal  conductivities  at  293  and  673K  of  hot- 
pressed  CoSb3  as  a  function  of  the  average  grain  size. 


Figure  7.  Temperature  dependence  of  the  Seebeck  coefficient 
for  the  each  hot-pressed  CoSb3  sample  which  has  various 
average  grain  sizes.  The  each  number  in  the  figure  shows 
the  sample  number  in  Table  1 . 


Figure  5.  Reciprocal  temperature  dependence  of  the  electrical 
conductivity  for  the  each  hot-pressed  CoSb3  sample  which  has 
various  average  grain  sizes.  The  each  number  in  the  figure 
shows  the  sample  number  in  Table  1 . 


Figure  8.  Seebeck  coefficients  at  293  and  673K  of  hot-pressed 
CoSb3  as  a  function  of  the  average  grain  size. 
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Figure  9,  ZT  versus  the  average  grain  size  at  293  and  673K 


for  hot-pressed  CoSbv 

ZT  values  were  calculated  from  the  data  in  Figure  4,  6  and  8. 
And  the  ZT  values  at  293  and  673K  as  a  function  of  the  average 
grain  size  are  shown  in  Figure  9,  which  shows  that  larger  grain 
size  is  preferable  to  attain  a  high  ZT  value,  in  particular  at  293K. 
The  highest  ZT  value  of  0.044  at  293K  was  obtained  on  the 
sample  5  which  has  an  average  grain  size  of  40  /z  m.  The  value 
is  close  to  the  single  crystal's  value  of  0.05  [3]. 

Although  ZT  value  do  not  depend  very  much  on  the  average 
grain  size  at  673K,  a  maximum  ZT  value  exists  within  the  average 
grain  size  range  of  1  to  10  //  m,  which  is  similar  to  the  calculated 
result  of  Si-Ge  shown  in  the  previous  paper  by  G.  A.  Slack  et  al. 
[11].  The  highest  ZT  value  in  this  study  of  0.10  at  673K  was 
obtained  on  the  sample  2  which  has  an  average  grain  size  of 
2.1  /z  m.  The  value  is  also  comparable  with  the  single  crystal’s 
value  of  0.12  [3]. 

4.  Conclusions 

Several  p-type  CoSb3  materials  with  various  grain  sizes  of  0.9- 
40  }jl  m  were  prepared  by  changing  the  conditions  of  sample 
preparation.  Mechanical  alloying  of  raw  materials  was  very 
effective  to  obtain  fine-grained  CoSb3  materials.  On  the  other 
hand,  annealing  of  hot-pressed  materials  was  a  effective  method 
to  prepare  coarse-grained  CoSb3  materials. 

The  thermal  conductivity  of  hot-pressed  CoSb3  decreases 
considerably  with  reducing  the  grain  size,  particularly  at  293K. 
The  value  of  4.19  Wm^K1,  which  is  about  40%  of  CoSb3  single 
crystals  is  ultimately  obtained  at  293K  with  an  average  grain 
size  of  0.9  /z  m.  The  Seebeck  coefficient  do  not  depend  greatly 
on  the  average  grain  size.  And  ZT  value  decreases  with  reducing 
the  average  grain  size  at  293 K  because  the  grain  size  reduction 
has  the  greater  effect  on  decreasing  the  carrier  mobility  than  the 
thermal  conductivity.  Larger  grain  size  is  preferable  to  attain  a 
high  ZT  value  of  hot-pressed  CoSb3  at  293K.  The  highest  ZT 
value  at  293K  is  0.044  for  the  sample  with  an  average  grain  size 
of  40  /z  m. 

At  673K,  the  grain  size  effects  on  the  thermoelectric  properties 
are  weaker  than  at  293K  and  ZT  value  do  not  depend  very  much 
on  the  average  grain  size.  The  highest  ZT  value  at  673K  is  0.10 
for  the  sample  with  an  average  grain  size  of  2. 1  /z  m. 

Grain  boundaries  should  be  controlled  to  increase  ZT  of  the 
skutterudite  compound  materials  by  the  novel  technique  such  as 


plasma  processing  [12]. 
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Abstract 

The  ribbons  of  Co0.97Cr0.03Sb3  were  fabricated  by  spin-casting 
on  a  rotating  copper  roll  with  the  surface-velocity  of  3-50m/s 
and  were  annealed  for  10.8ks  at  873K.  The  microstructures 
were  investigated  by  means  of  X-ray  diffraction  measure¬ 
ments,  scanning  and  transmission  electron  microscopic 
observations.  The  thermoelectromotive  force  and  electrical 
conductivity  were  measured  under  a  vacuum.  As  the  surface- 
velocity  increases,  the  amount  of  CoSb3  in  the  as-cast  ribbon 
decreases,  because  the  peritectic  reaction  of  CoSb2+L">CoSb3 
is  suppressed  due  to  rapid  cooling.  After  annealing,  the 
amount  of  CoSb3  increases  with  increasing  the  surface- 
velocity,  because  the  reaction  of  CoSb2+Sb~^CoSb3  proceeds 
more  sufficiently  during  annealing.  The  morphology  of 
crystal  grains  and  lattice  defects  depend  on  the  surface- 
velocity.  As  the  surface-velocity  increases,  the  thermo- 
electromotive  force  of  the  as-cast  ribbon  decreases,  but  the  one 
of  the  annealed  ribbon  increases  prior  to  decreasing.  The 
maximum  thermoelectromotive  force  and  electrical 
conductivity,  resulting  in  the  maximum  power  factor,  are 
attained  at  the  surface  velocity  of  lOm/s. 

Introduction 

A  skutterudite  among  various  intermetallic  compounds  is 
reported  as  a  prospective  candidate  of  thermoelectric  semi¬ 
conductor  [l]-[5].  The  microstructures  will  be  manipulated  by 
heat  treatments  in  order  to  improve  the  thermoelectric 
properties. 

The  objective  of  this  paper  is  to  elucidate  the  microstructures 
and  thermoelectric  properties  of  Co0.97Cr0.03Sb3  ribbons  by 
means  of  X-ray  diffraction  measurements,  scanning  and 
transmission  electron  microscopic  observations,  and  the 
measurements  of  thermoelectromotive  force  and  electrical 
conductivity.  The  ribbons  were  fabricated  by  spin-casting  on  a 
rotating  copper  roll  and  were  annealed  to  control  the  two 
peritectic  reactions  of  CoSb+L^CoSt^,  CoSb2+L^CoSb3. 

Experimental 

Pure  materials  of  Co,  Cr,  and  Sb  were  weighed  at  the 
composition  of  Coo.97Cr0.o3Sb3  and  were  melted  in  a  high 
frequency  induction  furnace  under  an  argon  atmosphere.  The 
melt  was  cast  into  a  metal  mold.  The  fragments  of  the  cast 
were  melted  in  a  high  frequency  induction  furnace,  and  were 
quenched  on  a  rotating  copper  roll  with  the  surface-velocity  of 
3-50m/s.  The  products  were  in  the  shape  of  ribbon,  width  of 
5mm,  thickness  of  20p.m.  The  ribbons  were  annealed  for 
10.8ks  at  873K. 

After  powdering  the  ribbons,  the  crystal  structures  were 
investigated  by  an  X-ray  diffraction  equipment,  Rigaku 
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RINT2200.  The  micropstructures  were  observed  by  a 
scanning  electron  microscope,  Hitachi  S-2250N.  After 
thinning  the  ribbons  by  ion-milling,  the  bright  field  images 
were  taken  by  a  transmission  electron  microscope,  JEOL 
JEM-2010. 

Results  and  Discussion 

Fig.l  shows  the  X-ray  diffraction  patterns  of  the  as-cast 
ribbons.  When  the  surface-velocity  of  a  roll  becomes  large, 
the  peaks  of  CoSb2  and  Sb  are  large,  while  the  peaks  of  CoSb3, 
skutterudite,  are  small.  That  is,  the  peritectic  reaction  of 
CoSl>2+L^CoSb3  is  suppressed  partially  and  the  amount  of 
CoSb3  is  small,  because  the  cooling  rate  is  large  during 
casting.  Conversely,  when  the  surface- velocity  becomes  small, 
the  amount  of  CoSb3  increases  through  the  sufficient  progress 
of  CoSt^+L-^CoSb;?,  as  shown  in  the  large  peaks  of  CoSb3. 

Fig.2  shows  the  X-ray  diffraction  patterns  of  the  annealed 
ribbons.  When  the  surface-velocity  becomes  large,  only  the 
peaks  of  CoSb3  can  be  observed,  while  the  peaks  of  CoSt>2  and 
Sb  disappear.  The  result  suggests  that  the  reaction  of 
CoSt>2+Sb  CoSb3  proceeds  more  sufficiently  during 
annealing  if  the  surface- velocity  is  large. 


Diffraction  angle  20  i  deg 

Fig.l  X-ray  diffraction  patterns  of  the 
Coo.97Cr0.o3Sb3  ribbons  which  were  fabricated 
by  spin-casting  with  the  various  surface- 
velocities  of  a  roll. 
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Fig.2  X-ray  diffraction  patterns  (a)  and  their 
magnification  (b)  of  the  Co0.97Cr0.03Sb3  ribbons  which 
were  annealed  for  10.8ks  at  873K. 


Fig.3  shows  the  scanning  electron  microscopic  images  of  the 
annealed  ribbons.  As  the  surface-velocity  increases,  the 
crystal  grain  size  decreases  to  be  smaller  than  ljim,  because 
crystal  grains  become  uneasy  to  grow  wide  through  the 
peritectic  reaction  of  CoSb+L^CoSb2.  Consequently,  it  is 
speculated  in  the  case  of  large  surface-velocity  that  there  are  a 
lot  of  interfaces  between  CoSt>2  and  Sb,  where  the  reaction  of 
CoSb2+Sb^CoSb3  proceeds.  Namely,  the  amount  of  CoSb3 
increases  during  annealing  with  increasing  the  surface- 
velocity,  as  mentioned  above. 

Fig.4  shows  the  bright  field  images  of  the  annealed  ribbons 
with  the  surface  velocity  3m/s  (a)  and  30m/s  (b).  The  figure 


5|4.m 

Fig.3  Scanning  electron  microscopic  images  of  the 
annealed  Co0.97Cr0.03Sb3  ribbons,  (a)  3m/s,  (b)  lOm/s, 
(c)  30m/s,  (d)  50m/s. 


200nm 

Fig.4  Bright  field  images  of  the  annealed 
Co0.97Cro.o3Sb3  ribbons,  (a)  3m/s,  (b)  30m/s. 


357 


16th  International  Conference  on  Thermoelectrics  (1997' 


shows  the  variation  of  lattice  defects  with  changing  the  thermoelectromotive  force  generated  between  the  edges  of 
surface-velocity.  Many  dislocations  can  be  seen  along  the  300K  and  600K  versus  surface-velocity.  The  thermo¬ 
boundaries  of  CoSb3  grains  in  the  figure  (a),  whereas  they  are  electromotive  force  of  the  as-cast  ribbon  decreases  with 
invisible  in  the  figure  (b).  increasing  the  surface-velocity,  because  the  amount  of  CoSb3 

Fig.5  shows  the  changes  of  thermoelectromotive  force  with  decreases.  The  thermoelectromotive  force  becomes  larger 
increasing  temperature  difference  from  the  cooling  edge  of  after  annealing.  The  thermoelectromotive  force  after 

300K  of  the  annealed  ribbons.  The  thermoelectromotive  force  annealing  increases  with  increasing  the  surface-velocity  from 

increases  with  increasing  temperature  difference  for  10,  20,  3m/s  to  lOm/s.  The  behavior  corresponds  to  increasing  in  the 

30m/s,  while  it  remains  almost  zero  below  temperature  amount  of  CoSb3.  However,  the  thermoelectromotive  force 

difference  100K  for  3m/s.  Fig.6  shows  the  curve  of  seems  to  decrease  with  increasing  the  surface-velocity  above 


Temperature  difference  AT /  K 
Fig.5  Changes  of  thermoelectromotive  force  with 
increasing  temperature  difference  between  both 
edges  of  the  annealed  Coo.97Cr0.o3Sb3  ribbons. 
The  cooling  edge  was  kept  at  300K. 


Roll  surface  velocity  /  rrrs"1 
Fig.6  Thermoelectromotive  force  versus  surface- 
velocity  of  a  roll  in  the  as-cast  and  the  annealed 
Coo.97Cr0.o3Sb3  ribbons.  The  thermo-electromotive 
force  was  measured  at  the  edges  of  600K  and  300K. 


lOm/s,  although  the  amount  of  CoSb3  remains  almost 
constant.  The  phenomenon  may  be  attributed  to  change  of 
lattice  defects  which  are  produced  during  rapid  cooling  and 
annealing. 

Fig.7  shows  the  changes  of  electrical  conductivity  with 
increasing  temperature  in  the  annealed  ribbons.  The  electrical 
conductivity  increases  slowly  below  about  450K,  and 
increases  largely  above  the  temperature.  The  electrical 
conductivity  is  large  for  lOm/s,  especially  below  450K.  The 
electrical  conductivity  for  20m/s  is  almost  the  same  as  the  one 
for  30m/s.  These  results  suggest  that  the  electrical 
conductivity  may  be  varied  by  not  only  the  amount  of  CoSb3 
but  also  by  the  morphology  of  lattice  defects. 

Fig.8  shows  the  changes  of  power  factor  with  increasing 
temperature  in  the  annealed  ribbons.  The  power  factor  for 
lOm/s  is  large  in  the  whole  temperature  range,  because  both 
the  thermoelectomotive  force  and  electrical  conductivity  are 
large. 


Fig.7  Changes  of  electrical  conductivity  with 
increasing  temperature  in  the  annealed 
Co0.97Cr0.o3Sb3  ribbons. 
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Fig.8  Changes  of  power  factor  with  increasing 
temperature  in  the  annealed  Coo.97Cr0.o3Sb3 
ribbons. 
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Conclusions 

This  paper  showed  the  results  of  research  on  the  micro- 
structures  and  thermoelectric  properties  of  Coo.97Cro.o3Sb3 
ribbons.  The  ribbons  were  fabricated  by  spin-casting  on  a 
rotating  copper  roll  and  then  annealed  for  10.8ks  at  873K. 
The  surface-velocity  of  roll  was  varied  from  3  to  50m/s.  The 
microstructures  were  investigated  by  means  of  X-ray 
diffraction  measurements,  scanning  and  transmission  electron 
microscopic  observations.  The  thermoelectromotive  force  and 
electrical  conductivity  were  measured  under  a  vacuum  in  the 
temperature  range  from  300K  to  670K.  The  microstructures 
depend  on  the  surface  velocity  which  controls  the  process  of 
the  peritectic  reactions  of  the  Co-Sb  system.  After  annealing, 
the  large  amount  of  CoSb3  appeared  together  with  small 
amount  of  CoSl>2  and  Sb  in  the  case  of  the  surface-velocity 
below  lOm/s,  whereas  CoSb2  and  Sb  disappeared  above  20m/s. 
The  crystal  grain  size  became  small  with  increasing  the 
surface  velocity.  The  maximum  thermoelectromotive  force 
and  electrical  conductivity  were  attained  for  lOm/s,  and  the 
maximum  power  factor  was  observed  for  lOm/s.  It  is 
concluded  that  the  thermoelectric  properties  of  CoSb3  are 
controlled  by  the  lattice  defects  as  well  as  the  amount  of 
CoSt^. 
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Abstract 

This  paper  deals  with  the  microstructures  and  thermoelectric 
properties  of  Fei.xNixSb3  ribbons  between  x=0  and  1.0.  The 
ribbons  were  fabricated  by  casting  on  a  rotating  copper  roll 
with  the  surface  velocity  of  lOm/s,  and  then  annealed  for 
3.6ks  at  873K.  The  microstructures  were  investigated  by 
means  of  X-ray  diffraction  measurements  and  transmission 
electron  microscopic  observations.  The  CoAs3  type  of 
structure,  namely  skutterudite  structure,  appeared  as  well  as 
the  other  structures  of  FeSt>2,  NiSb2  and  Sb  below  x=0.45  and 
above  0.55.  Only  the  skutterudite  appeared  and  the  other 
structures  disappeared  between  x=0.45  and  0.55.  The 
thermoelectromotive  force  and  electrical  resistivity  were 
measured  under  a  vacuum  from  300K  to  670K.  The 
thermoelectromotive  force  was  of  p-type  of  semiconductor  for 
x<0.5  and  of  n-type  for  x>0.5.  The  electrical  resistivity 
recorded  a  maximum  at  x=0.5.  The  curve  of  electrical 
resistivity  versus  x  was  asynmetric  at  x=0.5.  The  electrical 
resistivity  was  larger  for  x<0.5  than  for  x>0.5  at  the  same 
deviation  from  x=0.5.  The  power  factor,  which  was  estimated 
from  the  thermoelectromotive  force  and  electrical  resistivity, 
reached  to  maximums  at  x=0.4  and  x=0.6,  and  was  small  at 
x=0.5  at  300K. 

Introduction 

Semiconductors  are  requested  for  conversion  from  heat  to 
electric  power.  Skutterudites,  which  have  the  CoAs3  type  of 
structure,  have  been  reported  to  be  attractive  for  this  purpose 
[l]-[5].  The  skutterudites  were  found  in  the  ternary  systems  of 
Feo.sNi0.5Sb3  etc.  as  well  as  the  binary  systems  of  CoSb3  etc. 

This  paper  lays  emphasis  on  the  microstructures  and 
thermoelectric  properties  of  Fei.xNixSb3  ribbons  which  were 
fabricated  by  spin-casting  and  annealing.  X-ray  diffraction 
measurements,  transmission  electron  microscopic  obser¬ 
vations  were  performed  together  with  the  measurements  of 
thermoelectromotive  force  and  electrical  resistivity. 

Experimental 

Ingots  with  the  compositions  of  Fei.xNixSb3(x=0-l)  were 
prepared  by  casting  into  a  metal  mold  after  high  frequency 
induction  melting  under  an  argon  atmosphere.  The  fragments 
of  the  cast  were  again  melted  in  a  high  frequency  induction 
furnace,  and  cast  on  a  rotating  copper  roll  with  the  surface 
velocity  of  lOm/s.  The  products  were  ribbons,  width  of  5mm, 
thickness  of  20pm.  The  ribbons  were  annealed  for  3.6ks  at 
873K. 

After  powdering  the  ribbons,  the  crystal  structures  were 
identified  by  X-ray  diffraction  measurements  with  Rigaku 
RINT2200.  After  thinning  the  ribbons  by  ion-milling,  the 


electron  diffraction  patterns  and  high  resolution  images  were 
taken  by  a  transmission  electron  microscope,  JEOL  JEM- 
2010.  The  thermoelectromotive  force  and  electrical  resistivity 
were  measured  under  a  vacuum. 

Results  and  Discussion 

Fig.l  shows  the  X-ray  diffraction  patterns  of  the  Fei.xNixSb3 
ribbons.  There  exist  several  types  of  structure  as  follows  : 
x<0.45  CoAs3+FeSt>2+Sb 

0.45  ^x  ^0.55  CoAs3 
0.55<x  CoAs3+NiSb2+Sb 

The  single  structure  of  CoAs3  type  appears  from  x=0.45  to 
0.55.  This  result  suggests  that  the  skutterudite  is  stable  from 
An=-0.1  to  0.1  where  An=2x-1  is  difference  of  electron 
number  between  Fe!.xNixSb3  and  CoSbj 

Fig.2  shows  the  bright  field  TEM  image  of  the  ribbon  of 
x=0.55.  The  ribbon  is  composed  of  many  grains  of  about 
lOOnm.  Fig.3  and  4  show  the  high  resolution  TEM  images  in 
the  grains  of  the  ribbons  of  x=0.46  and  x=0.55.  Each  image 
corresponds  to  atomic  arrangement  in  the  <001>  projection 
and  the  <110>  projection  of  the  skutterudite. 


Fig.l  X-ray  diffraction  patterns  of  the  Fei.xNixSb3  ribbons. 
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Fig.4  High  resolution  TEM  image  in  the  <110>  projection 
of  the  ribbon  of  x=0 .55. 

100nm 


Fig.2  Bright  field  TEM  image  of  the  ribbon  of  x=0.55. 


Inm 

Fig.3  High  resolution  TEM  image  in  the  <001>  projection 
of  the  ribbon  of  x=0.46. 


Temperature  difference  AT/  K 
Fig.5  Changes  of  thermoelectromotive  force 
with  increasing  temperature  difference.  The 
cooling  edge  is  kept  at  300K. 


Fig.5  shows  the  changes  of  thermoelectromotive  force  with 
increasing  temperature  difference  from  the  cooling  edge  of 
300K  in  the  ribbons  of  x=0.46,  0.5  and  0.55.  The 
thermoelectromotive  force  increases  positively  for  x=0.46  and 
negatively  for  x=0.55.  The  ribbon  of  x=0.46  is  of  p-type  of 
semi-conductor  and  the  ribbon  of  x=0.55  is  of  n-type.  Fig.6 
shows  the  curve  of  thermoelectromotive  force  versus  x  in  the 
ribbons  with  the  edges  of  300K  and  600K.  The 
thermoelectromotive  force  is  positive  for  x<0.5  and  negative 
for  x>0.5.  It  is  zero  at  x=0.5.  Consequently,  the  type  of  semi¬ 
conductor  changes  from  p-type  to  n-type  at  x=0.5.  The 
maximum  thermoelectromotive  forces  are  obtained  at  x=0.46, 
An=-0.08  for  p-type  and  at  x=0.53,An=0.06  for  n-type. 
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Fig.6  Thermoelectromotive  force  versus  x.  The 
heating  edge  is  at  600K,  the  cooling  edge  being 
at  300K. 


Fig.7  Changes  of  electrical  resistivity  with 
increasing  temperature. 


Fig.7  shows  the  changes  of  electrical  resistivity  with 
increasing  temperature  in  the  ribbons  of  x=0.46,  0.5  and  0.55. 
The  electrical  resistivity  is  smaller  for  x=0.55  than  for  x=0.46, 
0.5.  It  remains  almost  same,  or  becomes  slightly  smaller  with 
increasing  temperature,  before  it  decreases  abruptly  above 
450K.  Fig.8  shows  the  curve  of  electrical  resistivity  versus  x 
in  the  ribbons  at  300K.  The  curve  is  not  synmetric  about 
x=0.5.  The  electrical  resistivity  is  especially  large  in  the  range 
of  x=0. 46-0.53,  An=-0.08-0.06 


X 

Fig.8  Electrical  resistivity  versus  x  at  300K. 
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Fig.9  Power  factor  versus  x  at  300K. 


Fig.9  and  10  show  the  curve  of  power  factor  versus  x  in  the 
ribbons  at  T=300K  and  600K.The  power  factor  is  small  at 
x=0.5  because  of  the  small  thermoelectromotive  force.  There 
are  two  maximums  near  x=0.4  and  0.6.  That  is,  the  power 
factor  reaches  to  maximums  in  the  mixed  structure  of  semi¬ 
conductor  and  metals.  It  is  possible  to  make  the  junction  of 
semi-conductor  with  large  power  factor,  if  the  ratio  of  Fe  and 
Ni  is  selected  properly. 
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Fig.10  Power  factor  versus  x  at  600K. 


Conclusions 

The  microstructures  and  thermoelectric  properties  of  the 
annealed  Fe^jNijSb;,  (x=0-1.0)  ribbons  were  investigated  by 
means  of  X-ray  diffraction  measurements,  transmission 
electron  microscopic  observations,  and  measurements  of 
thermoelectromotive  force  and  electrical  resistivity.  CoAs3 
type  of  structure  was  mixed  with  the  other  structures  of 
FeSb2,  NiSb2,  Sb  for  x<0.45  and  for  x>0.55.  Only  the  CoAs3 
type  of  structure  appeared  in  the  range  of  x=0.45-0.55.  When 
x  deviated  slightly  from  x=0.5,  the  thermoelectromotive  force 
reached  to  a  maximum  of  p-type  of  semiconductor  for  x<0.5 
and  of  n-type  for  x>0.5.  The  electrical  resistivity  was  large 
near  x=0.5  and  decreased  as  x  deviated  largely  from  x=0.5. 
The  maximum  power  factor  was  obtained  near  x=0.4  for  p- 
type  and  x=0.6  for  n-type. 
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Abstract 

A  higher  figure-of-merit  Z  of  a  thermoelectric  material 
shows  a  higher  performance  at  a  specific  narrow  temperature 
range.  On  the  other  hand,  the  specific  temperature  can  be 
shifted  to  higher  temperature  by  increasing  the  carrier 
concentration.  Bismuth  telluride(Bi2Te3),  lead  telluride(PbTe) 
and  Si-Ge  alloy(SiGe)  are  used  for  low,  medium  and  high 
temperature  range,  respectively.  Usually,  a  monolithic  and 
uniform  thermoelectric  material  is  used,  though  a  temperature 
gradient  exists  in  the  thermoelectric  material.  Therefore,  each 
part  has  not  proper  carrier  concentration  for  each  temperature. 
Two  times  of  higher  performance  than  a  traditional 
thermoelectric  material  can  be  expected,  if  the  proper  carrier 
concentration  gradient  is  performed  to  fit  with  the  temperature 
gradient.  Performing  stepwise  change  of  carrier  concentration 
is  also  a  performing  method  for  practical  application.  That  is  a 
fundamental  concept  of  energy  converting  FGM.  A  national 
project  by  STA  was  started  to  develop  the  FGM  in  1993. 

It  is  essential  to  choose  a  proper  material  for  each  part  to 
fit  the  temperature  gradient.  The  proper  material  is  a  material 
with  proper  carrier  concentration  and  a  proper  compound  to 
match  the  temperature  of  each  part  along  the  temperature 
gradient. 

FGM  joining  of  these  materials  and  fitting  electrodes 
with  FGM  interface  are  also  core  technique,  because  thermal 
stress  relaxation  caused  by  the  difference  of  thermal 
expansion  coefficient  is  important  at  a  high  temperature. 

Joining  two  Bi2Te3  with  carrier  concentrations  ne  of  1.0 
and  4.5  X 1025  was  prepared  by  ordinal  soldering  technique  or 
diffusion  bonding.  The  specific  temperature  range  of  Seebeck 
coefficient  a  for  the  joined  Bi2Te3  is  extended  from  50  to 
100K,  and  the  value  of  a  at  the  valley  between  two 
materials  with  different  nt  was  higher  than  both  materials.  The 
sintered  n-type  PbTe  FGM  with  3  layers  of  «e  =3.51,  2.60  and 
2.26  X  1025  was  prepared  by  hot  pressing.  The  effective 
maximum  power  Pmax  of  the  FGM  at  the  temperature 
difference  of  Ar=310K  is  150Wm/m2and  is  about  7%  lager 
than  that  of  the  layer  with  ne  =3.51  X 1025  whose  Pmm  is  the 
greatest  in  all  layers. 

Introduction 

A  concept  of  the  FGM(Functionally  Graded  Material) 
was  proposed  to  establish  the  novel  technique  for  thermal 
stress  relaxation  in  1987  in  Japan.  The  fundamental  concept  of 
FGM  was  based  on  the  gradual  change  of  composition, 
structure  or  material  to  avoid  the  sharp  interface  where 
thermal  stress  concentrates.  A  5-year  national  project  to 
achieve  the  proposal  was  carried  out  by  STA(Science  and 
Technology  Agency  of  Japanese  Government).  Heat  resistive 


materials  for  a  space  plane  and  joining  technique  for  high 
temperature  application  were  successfully  performed  in  the 
project,  and  the  idea  was  widely  spread  out  all  over  the 
world. 

The  idea  of  the  FGM  is  pointed  out  to  be  applied  not 
only  to  the  field  of  the  thermal  stress  relaxation  but  also  to 
optical,  electronic,  energy  conversion,  or  biological  fields. 
These  fields  are  very  important  for  saving  resources  on  the 
earth,  effective  utilization  of  unused  energy  or  generating 
clean  energy. 

Another  national  project  was  started  to  create  a  high 
efficiency  energy  conversion  material  with  FGM  structure  by 
STA  in  1993,  which  is  called  as  FGM-part  II.  Thermoelectric 
materials  and  thermionic  materials  were  adopted  as  the  energy 
conversion  materials  in  the  project.  Main  objectives  of  the 
project  are  developing  of  “designing  the  system”,  “controlling 
the  structure”,  and  “evaluation  method”.  This  project  was 
revised  in  1995,  and  the  objectives  were  concentrated  to 
thermoelectric  materials  and  modules. 

In  these  situation,  the  thermoelectric  materials  with  FGM 
structure  have  attracted  the  attention  of  “The  Japan  Society  of 
Applied  Physics”,  “The  Ceramic  Society  of  Japan”  and  many 
other  societies.  Similar  project,  which  is  supported  by 
Ministry  of  Education  of  Japanese  Government,  has  been 
started  since  1995. 

Here,  we  describe  the  fundamental  concept  of  high 
efficient  thermoelectric  materials  with  FGM  structure.  The 
state  of  the  art  is  also  presented  in  the  field  of  thermoelectric 
materials  with  FGM  structure  in  Japan. 

Fundamental  concept  of  FGM 

As  described  above,  temperature  gradient  exists  in  a 
thermoelectric  material.  Special  carrier  concentration  of 
special  material,  usually  intermetallic  compound,  show  high 
efficiency  at  a  special  temperature.  However,  a  monolithic 
thermoelectric  material  is  usually  used,  and  every  part  along 
the  temperature  gradient  has  not  necessarily  best  properties. 
Then  higher  efficiency  can  be  expected  than  traditional 
thermoelectric  materials,  if  the  best  properties  are  given  to 
each  part  to  fit  with  the  temperature  gradient.  Three  kinds  of 
approaches,  carrier  control,  segmented  joining  and  texture 
control,  are  adopted  to  form  an  FGM  structure. 

Carrier  control 

Performing  higher  2  over  a  wide  temperature  range  is 
essential  to  obtain  higher  thermoelectric  efficiency  V .  Fig.l 
shows  the  temperature  dependence  of  Z  for  5  kinds  of  «-type 
PbTe  with  different  carrier  concentration,  which  was  induced 
from  a  report  of  ZJ-data  by  Goff  and  Lowney[l]  as  the 
parameter  of  carrier  concentration.  Every  Z-curve  has  a 
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Figure  1  Temperature  dependence  of  Z  for  n-type  PbTe  as 
parameters  of  carrier  concentration. 


maximum  value,  and  the  corresponding  temperature  shifts 
with  the  carrier  concentration.  If  these  materials  are  joined 
consequently  to  fit  with  the  temperature  gradient,  higher 
performance  than  traditional  thermoelectric  materials  can  be 
expected. 

When  the  FGM  structure  is  applied  to  PbTe,  the 
conversion  efficiency  can  be  improved  remarkably[2].  Five 
kinds  of  PbTe  in  Fig.l  are  joined  in  sequence  at  the  intercept 
temperatures  of  530,  640,  750  and  815K.  This  segmented 
PbTe  has  five  kinds  of  different  carrier  concentration  and 
shows  five  maximum  values  of  Z  at  different  temperatures. 
Comparing  with  the  ordinal  monolithic  PbTe  with  a  carrier 
concentration  of  3  X  lO^/m3,  which  show  the  highest 
efficiency  in  monolithic  PbTe,  the  FGM  exhibits  a  larger  Z- 
value  as  shown  in  the  hatched  area.  The  broken  line  in  Fig.l 
shows  an  estimation  on  the  assumption  of  continuous  change 
of  the  carrier  concentration  for  PbTe.  This  gradient  PbTe  has 
an  ideal  FGM  structure  and  exhibits  a  higher  Z  than  the 
segmented  PbTe  over  a  wide  temperature  range.  It  is 
estimated  that  the  average  Z  of  the  ideal  FGM  should  improve 
by  50%  in  comparison  with  a  monolithic  PbTe,  and  maximum 
thermoelectric  efficiency  nmsx  at  Th=950K  should  extend  to 
19%. 

This  concept  can  be  applied  not  only  to  the  carrier 
concentration  gradient  but  also  to  joining  different  materials, 
such  as  Bi2Te3-PbTe-SiGe  etc.,  corresponding  to  the 
temperature  gradient.  Fig.2  shows  the  Z  values  for  monolithic 
materials  and  theoretically  estimated  values  for  FGM.  The 
hatched  area  is  the  expected  increase  by  FGM  formation. 


Figure  2  Temperature  dependence  of  Z  for  monolithic 
thermoelectric  materials,  Bi2Te3,  PbTe,  SiGe  and  LaTej  4  FGMs,  and 
improvement  of  Z  by  FGM  forming. 

Segmented  joining 

Applicable  maximum  temperature  to  PbTe  is  about 
950K.When  higher  temperature  than  950K  is  preferable, 
refractory  thermoelectric  materials  such  as  SiGe,  Gd2Se3  and 
LaTet  4  are  commonly  used.  If  Si-Ge  alloy(SiGe)  and  LaTe2  4 
have  an  ideal  FGM  structure  of  carrier  concentration  as  same 
as  PbTe  in  Fig.l,  and  these  SiGe  and  LaTe14  are  joined  to  a 
PbTe-FGM,  the  maximum  temperature  rises  up  to  1400K. 
Then  the  Z  curve  shows  a  larger  value  than  ZT=1  over  the 
temperature  ranges  of  500  to  1400K  as  shown  in  Fig.2.  The 
7?  max  of  monolithic  PbTe  and  SiGe  are  of  12  and  14%, 
respectively,  while  7]  max  of  the  segmented  material  of 
B^Te^bTe/SiGe/LaTe!  4  would  reach  to  22.3%  in  the 
temperature  ranges  of  300  to  1400K[2].  Consequently, 
forming  the  FGM  structure  with  different  material  is  effective 
in  improving  the  energy  conversion  efficiency. 

Texture  control 

The  thermoelectric  performance  of  semiconductors  is 
evaluated  by  Z  related  to  three  physical  properties  of  Seebeck 
coefficient  a ,  resistivity  p  and  thermal  conductivity  K  . 
These  properties  are  given  as  a  function  of  the  carrier 
concentration  and  each  property  can  not  be  controlled 
independently.  However,  thermal  conductivity  in  heavily 
doped  semiconductor  is  mainly  due  to  the  electric  contribution 
K  cl  and  lattice  contribution  K  ph[3-5].  Then,  thermal 
conductivity  is  given  by 

«  =  Kel+  Sh.  (!) 
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The  thermal  vibrations  of  the  lattice  are  quantized  and  the 
quanta(phonons)  migrate  along  the  temperature  gradient.  Then 
a  thermal  current  is  caused  as  the  result.  The  phonons  are 
scattered  and  the  thermal  current  is  disturbed  by  collision 
among  phonons,  disorder  in  the  lattice,  and  boundaries.  The 
scattering  is  effectively  caused  when  the  wave  length  of  the 
phonon  is  the  same  as  the  length  between  disorders.  Then 
phonons  with  higher  energy  are  effectively  scattered  by 
disorder  in  the  lattice  and  phonons  with  lower  energy  are 
scattered  by  grain  boundaries. 

In  many  solid  solution  systems,  the  scattering  due  to 

disorder  caused  by  alloying  reduces  k.  ph  by  almost  one  order 
of  magnitude.  Therefore,  the  Z  of  a  solid  solution  or  an  alloy 
is  higher  than  that  of  a  single  compound  or  an  element 
because  of  the  reduction  effect  of  a  ph  due  to  the  phonon 
scattering  with  a  higher  energy[6].  From  this  point  of  view,  Si- 
Ge  alloys  are  the  most  famous  materials,  as  they  consist  of  a 
solid  solution  of  intermetallic  compound  and  elemental 
semiconductors. 

On  the  other  hand,  the  grain  boundaries  scatter  phonons 
with  a  lower  energy  remarkably.  The  reduction  effect  of  K  ph 
by  the  boundary  scattering  occurs  in  a  polycrystal  with  fine 
grains  and  the  sintered  materials[2,4-6].  As  an  example,  the 
relationship  between  the  K  ph  and  crystal  grain  size  for  p- type 
Si70Ge30  alloy[4,5]  is  shown  in  Fig.3.  e  and  V(eRH)  are 
elemental  electric  charge  and  Hall  concentration,  respectively, 
and  a  line  of  No.l  is  of  a  single  crystal.  It  is  shown  in  the 
figure  that  the  K  ph  decreases  with  decreasing  grain  size  L. 
Decreasing  of  the  K  ph  with  increasing  V(eRH)  is  also  shown. 
This  was  caused  by  the  disorder  in  the  lattice  induced  by 
doped  elements. 

Theoretical  approaches 

Optimal  designing  based  on  potential  gradient  due  to 
compositional  change  is  essential  to  improve  the  properties. 
On  the  basis  of  this  idea,  FGM  thermoelectric  materials  can  be 
expected  to  have  higher  efficiency  than  monolithic 
materials[7,8].  However,  this  simple  approach  is  on  the  basis 


Figure  3  Relationship  between  the  Kph  and  Hall  concentration 
l/(e«H)  for p-type  Si^Ge^  alloys  with  various  grain  sizes. 


Tabic  1  Maximum  efficiencies  of  optimized  FGM  and  monolithic 
materials  (  non-FGM )  . 


Material 

BhTc.i 

Pb 

SiGe 

Total 

Temperature  (K.) 

300-700 

700-1000 

1000-1300 

300-1300 

7J  max  for  FGM  (%) 

12.25 

5.20 

4.51 

20.56 

7)  .«<  for  non-FGM  ( % ) 

10.46 

4.96 

4.49 

18.72 

of  interpolation  between  properties  of  combined  imaginary 
materials.  Therefore  accuracy  of  the  estimated  value  is  not 
sufficient  and  the  result  is  difficult  to  apply  practically. 

Designing  of  graded  potential  by  using  graded 
distribution  of  impurity  in  traditional  semiconductor  was 
proposed  to  estimate  the  macroscopic  properties  analytically 
by  Teraki  and  Hirano[9]  for  promising  thermoelectric  material. 
By  their  analysis,  T)  max  of  Bi2Te3  and  PbTe  were  higher  than 
each  monolithic  material  by  forming  the  concentration 
controlled  FGM  as  shown  in  Table  1.  On  the  other  hand,  no 
remarkable  improvement  was  recognized  in  SiGe.  However, 
77max  of  a  segmented  material  of  Bi2Te3,  PbTe  and  SiGe, 
which  is  a  stepwise  FGM,  has  10%  higher  than  one  of  a 
monolithic  material  at  the  range  of  300-1300K.  Moreover, 
Teraki  pointed  that  the  thermoelectric  properties  of  a 
segmented  stepwise  FGM  has  nearly  equal  to  continuous 
FGM[10], 

On  the  basis  of  the  model  proposed  by  Parrot  and 
Stuckers[6],  Rowe  and  Bhandari[ll]  analyzed  the  relationship 
between  grain  size  L  and  n  ph  obtained  by  laser  flash 
technique  to  improve  the  V  max  of  sintered  PbTe  by  hot 
pressing.  They  concluded  that  a  P|,  decreased  as  L  became 
smaller,  and  the  decrease  of  K  ph  was  5  and  10%  less  than  one 
of  the  single  crystal,  when  the  L  was  1.0  and  0.5  U  m 
respectively. 

On  the  other  hand,  Yoshino[12]  analyzed  the  temperature 
dependence  of  ZT  for  sintered  SiGe  and  PbTe  on  the  basis  of 
heterogeneous  grain  boundary  method.  He  reported  that 
decreasing  of  K  ph  is  very  small  even  L  is  small  as  1.0 Hm.  He 
reported  that  ZT  of  PbTe  can  be  increased  by  modifying  grain 

boundaries  when  0.1  U  m. 

Yoneda  et.al.[13]  observed  the  temperature  dependence 
of  thermoelectric  properties  for  sintered  PbTe  and  uniaxially 
solidified  PbTe  with  1=6-380  IX  m  which  were  fabricated  by 
plasma  activated  pressing[14].  They  found  that  /c  ph  did  not 
depend  on  crystal  size  at  over  200K  which  agreed  with  the 
result  by  Yoshino. 

Practical  example 

The  bismuth  telluride  system  compounds  and  its  solid 
solution  have  a  higher  Z  in  c-axis  direction,  then  the  uniaxial 
solidified  materials  generally  utilized  for  applications  of 
peltier  heat  and  thermoelectric  generator.  Currently,  the 
sintered  Bi2Te3  system  solid  solutions  with  high  Z  and 
mechanical  strength[15,16]  are  developed,  and  the 
productivity  of  minutiae  shaped  thermomodules  has  been 
grown.  The  sintered  materials  by  hot  pressing  are  anisotropic 
and  have  a  higher  Z  in  perpendicular  to  the  hot  pressing 
direction.  Shiota[17]  reported  that  K  ph  of  the  hot-pressed 
Bi2Te3  system  and  its  solid  solutions  decrease  with  decreasing 
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0.0045 


Figure  4  Temperature  dependence  of  a  for  segmented  Bi2Te3 
with  carrier  concentration  of  1.0  and  10  X  lO^/m3. 

L  and  reduce  about  20%  than  uniaxial  solidified  materials, 
while  sintered  materials  with  I^lMm  can  not  improve  Z  to 
decrease  the  carrier  mobility.  Fig.4  shows  the  temperature 
dependence  of  a  for  segmented  (Bi,Sb)2Te3  with  carrier 
concentrations  of  1.0  and  10  X  10Z5/m3[18],  The  joining  to 
form  the  segmented  material  was  performed  by  ordinal 
soldering,  liquid  state  diffusion  bonding  and  diffusion  bonding 
techniques.  The  a  -curve  of  the  segmented  material  was 
broader  than  ones  of  homogeneous  materials  with  different 
carrier  concentration,  and  the  value  of  a  at  the  valley 
between  two  homogeneous  materials  was  higher  than  both 
materials,  resulting  that  the  temperature  range  of  high  a- 
value  was  extended  from  50  to  100K 
PbTe  system  compounds 

Imai  et.al[19]  fabricated  three  kinds  of  monolithic  w-type 


Temperature  T  (K) 

Figure  5  Temperature  dependence  of  power  factor  a 2  a  for  the 
sintered  n-type  PbTe  at  500K  of  the  heat  sink  temperature  Tc. 
FGM,  a b-  and  c-  correspond  to  the  notes  in  Table  2. 

PbTe  with  different  electron  concentration  nc  and  an  FGM  of 
3-layer-segmented  PbTe,  which  consists  of  three  kinds  of 
monolithic  PbTe  by  hot  pressing.  Hot  pressing  was  performed 
at  HOOK  for  750s  in  an  Ar  atmosphere.  The  size  of  the  as-hot 
pressed  FGM  was  10mm  in  diameter  and  6mm  in  thickness 
which  consisted  of  three  layers  in  2mm  thickness.  The  sample 
of  5mm  X  5mm  X  6mm  for  measurement  was  taken  out  from 
the  central  part  of  the  hot  pressed  material.  The  thermoelectric 
properties  of  the  monolithic  materials  and  the  FGM  were 
observed. 

Table  2  shows  thermoelectric  properties  and  transport 
parameters  of  the  monolithic  materials  and  FGM  at  room 
temperature.  The  nc  values  of  solidified  materials  are  shown  in 
the  parentheses,  and  were  1.0,  0.6  and  0.3  X  1025/m3,  which 
were  planned  to  be  the  high  temperature  side,  the  middle 
temperature  part  and  the  low  temperature  side  of  an  FGM, 


Table  2  Thermoelectric  properties  of  FGM  composed  of  sintered  w-type  PbTe  with  3  kinds  of  electron 
concentrations  n  •  at  room  temperature. 


Layer 

Seebeck  Cof. 
a  (  u  V/K ) 

Resistivity 
p  ( 10"‘  &m) 

Hall  Cof. 

R  «  ( m 3  /C ) 

Electron 
w.  (  1024  /m 3 ) 

Mobility 
u  c  ( m  2  /Vs ) 

Power  factor 
a2  a  ( W/K2m) 

High  ( a ) 

-67.1 

2.540 

1.78  x  10'T 

3.51 

(1.00) 

7.00  x  10- 2 
(11.0) 

1.77  x  10  -  3 

Middle  (b) 

-72.3 

2.831 

2.30  x  10'7 

2.60 

(0.60)  * 

8.12  X  10~2 
(11.0) 

1.85  x  10  -  3 

Low  ( c ) 

-100.8 

3.342 

2.75  x  10- 7 

2.26 

(0.30) 

8.22  x  10'2 
( 9.80 ) 

3.04  x  10  -  3 

FGM 

-85.0 

3.94 

-- 

- 

- 

1.11  X  10' 3 

Values  of  n  .  and  /z  •  for  solidified  materials  which  used  as  starting  powders  before  FGM  forming  shown  in  parentheses. 
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respectively.  They  were  pulverized  and  used  as  starting 
powders  for  monolithic  sintered  materials  and  an  FGM.  nc  of 
each  layer  has  remarkably  increased  and  electron  mobility  tt  c 
decreased  during  the  hot  pressing  process  as  shown  above  the 
parentheses  in  Table  2.  The  increasing  ratio  of  ne  in  the  low 
temperature  layer  is  higher  than  that  in  the  high  temperature 
layer. 

Fig.5  shows  the  temperature  dependence  of  power 
factor(i.e.  electrical  figure-of-merit)  a2/ p  or  a2o  for  the 
samples  described  above.  The  n-layer,  Mayer  and  c-layer  in 
Fig.5  correspond  to  the  same  notes  in  Table  2.  The  oe2o  of 
the  FGM  is  lower  than  each  monolithic  layer  below  500K 
because  of  high  P .  While  the  a2  a  of  the  FGM  overcomes 
the  others  above  630K.  Fig.6  also  shows  relationship  between 
the  effective  maximum  power  Pmax  and  temperature  difference 
AT  for  the  FGM  and  each  layers  at  the  heat  sink  temperature 
Tc  of  500K.  The  Pm„  is  150mW/K2m  at  Z\f=310K  and  is 
about  7%  lager  than  that  of  (a)-layer  whose  Pmax  is  greatest  in 
all  layers.  This  value  implies  that  the  electric  power  reaches 
25kW/m2,  if  the  operation  temperatures  of  500K  for  the  cold 
side  and  810K  for  the  hot  side  are  given  to  the  FGM  of  6mm 
thickness. 

Yoneda  et.  al.  [20]  reported  that  thermoelectric  properties 
of  the  solidified  n-type  PbTe  with  doped  Pbl2  is  stable  below 
700K  in  an  Ar  atmosphere.  Then,  joining  two  PbTe  with  ne  of 
0.4  and  6X1025  was  prepared  by  liquid  state  diffusion 
bonding  technique.  The  insert  material  was  40wt%Pb-Sn 
solder  with  a  thickness  of  50  \x  m,  and  the  joining  was 
performed  at  700K  for  900s  in  an  Ar  atmosphere.  Figs.7  and  8 
show  the  temperature  dependence  of  cl  2  o  for  monolithic 
PbTe,  and  AT  dependence  of  Pmax  for  the  joined  PbTe, 
respectively[21].  The  a 2  a  of  PbTe  with  higher  nc  is  larger 


Figure  6  Relationship  between  effective  maximum  power  Pmax  and 
temperature  difference  A  T  for  sintered  n-type  PbTe. 

FGM,  a-,  b-,  c-  correspond  to  the  notes  in  Table  2  at  500K  of  the  heat 
sink  temperature. 


than  that  of  one  with  lower  ne  above  500K,  resulting  that  the 
Pmax  of  the  joined  PbTe  is  higher  than  those  of  monolithic 
materials  above  AT  =250K.  As  mentioned  above,  it  is 
concluded  that  the  highly  efficient  n-type  PbTe  FGM  can  be 
performed  by  the  optimization  of  ne  graded  structure. 
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Figure  7  Temperature  dependence  of  power  factor  a  2  O  for  the  n- 
type  PbTe  joined  by  liquid  state  diffusion  bonding. 


Figure  8  Relationship  between  effective  maximum  power  Pmax  and 
temperature  difference  A  T  for  the  w-type  PbTe  by  liquid  state 
diffusion  bonding. 
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Hayashibara[22]  reported  thermoelectric  properties  of  Si- 
Ge  thin  films  with  different  gradient  structure,  which  were 
formed  by  using  a  2-target  sputtering  equipment.  The  slit 
driving  speed  and  sputtering  rate  were  simultaneously 
controlled  during  operation.  He  fabricated  three  FGM  films 
with  different  B-concentration  as  shown  in  Fig. 9.  The 
thickness  of  each  film  was  in  1  Mm  thickness.  He  reported 
that  Pmax  was  0.87,  1.06,  0.98 MW,  respectively,  when  A T 
=200K  was  applied  between  both  ends  of  the  film. 


Figure  9  Compositional  distribution  of  B  in  SigoGe^  FGM  film. 
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Figure  10  Resistivity  around  the  directly  joined  interface  of  n-type 
and p-type  Si-Ge,  and  the  interface  with  Si-MoSi2  FGM. 


He  concluded  that  Pmax  of  continuous  FGM,  especially  the 
linear  gradient(case  2),  is  higher  than  the  stepwise  FGM. 
Joining  of  electrode 

Joining  of  an  electrode  and  thermal  stability  at  the  high 
temperature  side  are  also  important  objectives  in  the  national 
project  part  II.  This  field  is  an  application  of  the  result 
obtained  in  part  I,  in  which  thermal  stress  relaxation  and 
diffusion  barrier  were  main  objectives.  In  the  project  part  II, 
joining  of  w-type  and  p-type  Si-Ge  was  attempted [23]. 
Resistivity  around  the  interface  is  one  of  important  factor  for 
thermoelectric  properties.  As  shown  in  Fig.  10,  resistivity  at 
the  interface  of  direct  joining  is  higher  than  both  joined 
materials,  while  the  resistivity  is  lower  at  the  interface  with 
Si-MoSi2  of  FGM  structure.  In  the  former  case,  compensation 
between  electrons  and  holes  was  caused  by  interdiffusion 
between  P-  and  B-dopants.  In  the  latter  case,  the  harmful 
interdiffusion  is  suppressed  and  the  resistivity  becomes  lower 
than  joined  materials  because  of  low  resistivity  of  Si-MoSi2. 
From  these  results,  it  is  decided  that  an  FGM  of  Si-MoSi2  is 
not  only  a  good  conductor  for  an  electrode,  but  also  it  is 
effective  as  a  diffusion  barrier. 

Concluding  remarks 

As  described  above,  it  is  shown  theoretically  and 
experimentally  that  thermoelectric  materials  with  FGM 
structure  showed  a  higher  performance  than  monolithic 
materials.  FGM  joining  is  also  useful  technique  for  setting  an 
electrode  in  order  to  relax  the  thermal  stress  and  suppress  the 
interdiffusion.  However,  it  is  difficult  to  improve  the 
performance  by  controlling  crystal  size  as  long  as  we  use  an 
ordinal  pulverization  method. 

On  the  other  hand,  exact  measurement  of  thermal 
conductivity  at  a  high  temperature  is  another  problem  for 
accurate  designing  of  an  FGM.  Therefore,  we  could  not 
necessarily  arrange  the  best  material  to  fit  the  temperature 
gradient.  If  we  can  determine  thermoelectric  properties  more 
exactly,  we  will  be  able  to  obtain  much  higher  performance. 
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Abstract 

Thermoelectric  materials,  metal/semiconductor  joints 
and  segmented-type  thermocouple  branches  were  prepared  by 
plasma-activated  sintering(PAS)  using  powdered  source 
materials  of  Bi2Te3,  PbTe  and  metals(Cu,  Fe  and  Ni).  The 
sintering  was  carried  out  in  vacuum  under  a  axial  pressure  of  45 
MPa  by  pulse  current  heating  followed  by  DC  current  heating, 
where  temperature  was  differently  controlled  for  sintering  of 
Bi2Te3  and  PbTe.  The  sintered  materials  were  characterized  by 
measuring  the  thermoelectric  properties.  The  electron  probe 
microanalyses  indicated  that  no  serious  diffusion  occurred  at  the 
joint  interfaces  of  Fe/PbTe  and  Bi2Te3/PbTe  where  an  abrupt 
change  of  the  potential  voltage  was  observed  in  their  p-type 
joints.  Therefore  SnTe  andNi  layers  were  inserted  in  the  Fe/p- 
PbTe  and  Bi2Te3/PbTe  joints,  respectively,  to  keep  low 
resistance.  The  thermoelectric  branches  were 
Ni/Bi2(Te,Se)3/Ni/PbTe/Ni  for  n-type  and 

Ni/(Bi,Sb)2Te3/Ni/SnTe/PbTe/SnTe/Ni  for  p-type. 

Introduction 

The  thermoelectric  generator  in  a  intermediate 
temperature  range  has  been  developed  as  the  application  in  space 
exploration  in  1960s,  and  now  is  expected  as  the  one  in  effective 
utilization  of  untapped  energy  [1].  In  the  case  of  power  generator 
application,  it  is  desired  to  obtain  a  high  value  of  figure  of 
merit(Z)  over  as  wide  a  temperature  range  as  possible.  Since  no 
one  material  could  provide  the  Z  value  necessary  for  high 
efficiency  over  the  interest  temperature  range,  the  construction  of 
the  thermocouple  branches  has  been  directed  to  (l)solid 
solution-type[l]  or  carrier  concentration  functionally  graded 
material (FGM)-type  [2],  (2)segmented(or  stacked)-type[2][3], 
and(3)the  combined  type  of  (1)  and  (2).  The  segmented-type 
has  firstly  been  proposed  for  the  Bi2Te3/PbTe  and 
Bi/Te^AgSbTej  systems  with  the  efficiency  of  11  %[2],  and 
then  developed  in  space  systems  with  light  and  compact  power 
generator[4][5]. 

The  present  study  concerns  the  fabrication  of  the  metal- 
semiconductor  and  semiconductor-semiconductor  joints  by 
plasma- activated  sintering(abbreviated  as  PAS)  or  spark  plasma 
sintering(SPS)[6j,  where  the  powder  particle  surfaces  are 
activated  by  plasma  leading  to  an  accelerated  reaction  or  sintering. 
The  potential  profile  measurements  across  the  joint  boundary 
will  help  the  preparation  of  the  thermocouple  branches  with  long 
life  and  decreased  energy  loss. 


Experimental 

In  construction  of  the  thermoelectric  branches,  the  p-type 
uncbped  PbTe  for  intermediate  temperature  range  was  prepared 
by  Bridgman  method  and  then  ground  into  powder,  while  the 
n-type  one  by  sintering  a  mixture  of  uncbped  PbTe  and  4000 
molppm  PbI2  as  the  dopant.  The  powder  materials  of  n-type 
(0.85Bi2Te3+0.15Bi2Se3)  and  p-type  (0.175Bi2Te3+0.83Sb2Te3) 
(both  abbreviated  as  Bi2Te3)  for  low  temperature  range  were 
obtained  from  the  commercial  source  prepared  by  mechanical 
alloying  from  the  constituent  elements. 

Plasma-activated  sintering  of  PbTe  was  performed  at 
1073  K  in  a  carbon  die  of  1 1  mm  ID  in  vacuum  of  about  10  Pa 
under  45  MPa  load  by  pulse  current  heating,  followed  by  DC 
current  heating.  The  PAS  condition  was  listed  in  Table  1 ,  where 
it  is  noteworthy  that  heating  temperature  were  differently 
controlled  between  Bi2Te3  and  PbTe.  The  electrical  properties 
were  measured  for  the  sintered  materials. 

The  metal  electrode  -  semiconductor  joining,  such  as 
Fe/PbTe  and  Ni/  Bi2Te3  was  made  simultaneously  by  sintering 
under  the  same  condition  as  the  cases  listed  in  Table  1 .  In  case  of 
metal  -  p-PbTe  joining,  thin  SnTe  layer  was  inserted  between 
metal  and  PbTe  layers  in  order  to  keep  low  joint  resistance^]. 
Because  of  the  difference  in  heating  temperature  between  PbTe 
and  Bi2Te3,  the  joining  of  these  two  materials  was  made  via  the 
following  two  steps;  first  was  to  prepare  metal/PbTe  junction  at 
~1073  K,  and  then  to  joint  metal/  Bi2Te3  at  ^673  K,  where  a 
direct-type  of  PbTe/  Bi2Te3  and  a  sandwich-type  of  PbTe  /Ni / 
Bi2Te3  resulted. 

The  joint  interfaces  were  inspected  by  optical  microscope 
observation,  electron  probe  microanalysis  and  measurements  of 
potential  voltage  profile. 

Results  and  discussion 


Table  1 .  PAS  condition  for  PbTe  and  Bi2Te3. 


Parameters 

PbTe 

Bi2Te3 

I  Voltage 

25  V 

Current 

400  A 

Frequency 

6  Hz 

Time 

90s 

Heating  temperature 

~1073  K 

~673  K 

II  Time 

540  s 

60s 

Heating  temperature 

~1073  K 

~673  K 

Pulse  current  heating(I)  followed  by  DC  current  heating(II). 
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Semiconducting  properties  of  sintered  materials 

The  density  of  sintered  PbTe  was  more  than  99  %  that  of 
calculated  one.  The  SEM  micrograph  indicates  a  densified 
sintering  structure  and  grain  boundaries.  Table  2  lists 
semiconducting  properties  of  PbTe  and  Bi2Te3  prepared  by  PAS . 
The  carrier  concentration  of  p-PbTe  exceeded  those  for  melt- 
grown  single  crystals  and  Hall  mobility  were  low  lying.  The 
carrier  concentration  of  n-type  PbTe  was  much  lower  than  that  of 
the  melt-grown  crystal,  which  suggests  that  the  dopant  was  not 
fully  resolved  into  PbTe  crystal  because  of  the  short  period  of 
sintering.  The  data  for  Bi2Te3  correspond  to  those  reported  for  the 
sintered  materials. 
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Metal/semiconductor  junction 

The  optical  micrographs  for  theFe/PbTe  joints  indicates 
that  neither  macroscopic  defects  nor  cracks  caused  by  stress  were 
found  at  the  joint  boundary.  Figure  1  shows  the  potential  voltage 
profile  across  the  interfaces  of  Fe/n-PbTe(a),  Fe/p-PbTe(b)  and 
Fe/SnTe/PbTe(c)  junctions.  The  potential  voltage  profile  for 
Fe/n-PbTe  joint  in  Fig.  1(a)  indicates  a  gradual  increase  on 
leaving  from  the  interface,  while  the  one  in  Fig.  1(b)  for  the 
Fe/p-PbTe  joint  shows  an  abrupt  increase  at  the  interface  which 
causes  additional  resistance.  The  SnTe  layer  between  metal  and 
p-PbTe  was  effective  to  decrease  the  interface  resistance  as  shown 
in  Fig  1(c).  Since  the  abrupt  change  in  the  potential  voltage 
profile  was  limited  in  the  Fe/p-PbTe  joint,  its  origin  might  be 
sought  in  the  reaction  between  Fe  and  PbTe.  The  reaction  results 
in  the  formation  of  Fe  donor  atom  in  PbTe  or  metallic  conductor 
of  FeTe,  which  will  produce  a  deformation  of  energy  band  or 
carrier  compensation  across  the  interface  in  the  Fe/p-PbTe  joint. 
The  Fe/SnTe/p-PbTe  joint  is  favorable  without  abrupt  increase 
in  the  potential  voltage  profile,  since  the  p-type  conduction  of 
SnTe  is  not  significantly  influenced  by  Fe  doping.  The  above 
discussion  is  also  suitable  for  the  case  of  Ni/PbTe  junctions. 

The  direct  joining  between  Cu  and  Bi2Te3  was  not 
favorable  as  is  usual  because  of  the  diffusion  of  Cu  into  Bi2Te3. 
The  reaction  between  Ni  and  Bi2Te3  was  not  serious  and  the 
voltage  profile  showed  a  favorable  feature  for  both  n-  and  p-type 
as  shown  in  Fig. 2. 


Fig.  1 :  Potential  voltage  profiles  in  the  Fe/PbTe  joints. 
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PbTe/  BhTe,  segmented-tvpe  branches 

Each  layer  in  the  branches  was  bound  so  tightly  that  the 
branches  could  be  cut  and  shaped  by  high  speed  diamond  saw. 
Figure  3  shows  the  potential  voltage  profile  for  the  p-PbTe/p- 
Bi2Te3  joint,  which  indicates  an  abrupt  change  at  the  interface. 
The  interface  resistance  may  be  due  to  the  reaction  between  the 
two  p-type  phases,  considering  that  the  uncontrolled  defects  in 
the  solid  solution  of  (PbTe),.x(Bi2Te3)x  (x«0.1)  causes  n-type 
conduction^].  By  inserting  Ni  layer  as  the  barrier  of  reaction 
between  the  two  layers,  the  segmented-type  branches  for  n-  and 
p-type  were  constructed  as  Ni/  Bi2Te3/Ni/  PbTe/Ni  and  Ni/ 
BijTe/Ni/SnTe/  PbTe/SnTe/Ni,  respectively.  Fig.  4  and  5  show 
a  segmented-type  branch  and  its  potential  voltage  profile, 
respectively.  The  voltage  profile  shows  a  smooth  curve  across 
the  p-Bi2Te3/Ni/SnTe/p-PbTe  joint,  indicating  minimized 
interface  resistance.  The  Cu  layer  in  Fig.  4  was  connected  to 
metal  electrode  in  the  double  layer  to  keep  good  thermal 
conductivity. 


Fig.  2:  Potential  voltage  profiles  in  Ni/  Bi  2Te3  joints. 


Fig.  4:  A  segmented  type  branch  of  Cu/Ni/p- 
BijTej/Ni/SnTe/p-PbTe/SnTe/Ni  for  p-type. 
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The  preparation  and  characterization  of  the  branches 
designed  for  the  optimum  condition  is  currently  being  carried 
out[9]. 

Conclusion 

Plasma-activated  sintering  was  applied  to  preparation  of 
thermoelectric  materials,  metal-semiconductor  joining.  On  the 
basis  of  the  results,  the  segmented-type  thermoelectric  branches 
of  Bi2Te/PbTe  were  prepared,  where  The  thermoelectric 
properties  of  Bi2Te3  were  comparable  to  the  datafor  the  existing 
sintered  materials.  The  carrier  concentration  of  p-PbTe  by  PAS 
was  larger  than  that  of  the  melt-grown  crystal  and  the  Hall 
mobility  was  low  lying.  The  electric  properties  of  n-typePbTe 
suggest  that  the  doping  was  not  completely  performed  by  the 
sintering  of  a  powder  miture  of  undoped  PbTe  and  Pbl2  as  the 
dopant  because  of  the  short  period  of  sintering.  In  stead,  the 
control  of  carrier  concentration  could  be  made  by  PbI2-dopingon 
melt-growth  of  the  PbTe  crystals. 

The  sintering  and  joining  were  simultaneously  performed 
by  PAS  to  make  metal/semiconductor  and  semiconductor 
/semiconductor  joints.  The  microscopic  observation  at  the  joint 
interface  revealed  no  cracks  caused  by  the  stress.  The  EPMA 
revealed  no  serious  diffusion  at  the  joint  interface  except  in  the 
Cu/  Bi2Te3  joints.  The  potential  voltage  measurements  showed 
an  abrupt  change  at  the  interface  of  Ni/p-PbTe  and  p-PbTe/p- 
Bi2Te3  joints.  The  results  indicates  that  the  reaction  between  the 
adjacent  phases  will  influence  more  or  less  the  interface 
resistance.  From  the  inspection  into  low  resistance 
metal/semiconductor  joint,  the  segmented-type  thermocouple 
branches  resulted  Ni/PbTe/Ni/Bi2Te3/Ni  for  n-type  and 
Ni/SnTe/PbTe/SnTe/Ni/BijTe/Ni  forp-type,  where  the  Ni  layer 
between  the  two  semiconductors  stands  the  reaction  barrier  and 
the  SnTe  layer  for  the  gradient  joint  between  Fe(orNi)  and  p- type 
PbTe.  As  well  as  low  resistance,  the  blanche  structure  will  be 
useful  to  keep  long  life  by  preventing  deterioration  due  to 
diffusion  and  reaction  between  the  layers.  The  joining  strength 
are  sufficient  so  that  the  blanches  can  be  cut  across  the  joint  by 
a  high-speed  diamond  blade. 
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Abstract 

We  report  on  the  development  of  a  stacked  thermogenerator 
element  consisting  of  Bi-Te  based  materials  for  the  low  tem¬ 
perature  and  FeSi2  for  the  high  temperature  stage.  In  order  to 
determine  the  optimum  segment  length,  a  new  numerical 
method  was  applied  which  maximizes  the  differential,  i.e.  lo¬ 
cal  electrical  power  output.  The  resulting  segment  length  for 
the  Bi-Te  stage  is  smaller  than  predicted  by  locally  maximiz¬ 
ing  the  figure  of  merit. 

For  the  practical  preparation  of  the  anticipated  structure,  pow¬ 
dered  semiconductors  and  metals  were  consolidated  by  means 
of  a  uniaxial  hot-pressing  method,  i.e.  so-called  plasma  acti¬ 
vated  sintering  (PAS).  It  was  also  employed  in  directly  form¬ 
ing  the  material  junctions. 

Due  to  the  large  differences  in  thermophysical  and  mechanical 
properties,  Bi-Te  and  FeSi2  cannot  be  directly  joined  in  a  sin¬ 
gle  processing  step.  We  employed  Ni  as  a  suitable  common 
interface  material  with  intermediate  coefficient  of  thermal  ex¬ 
pansion.  The  joint  to  the  low  yield  strength  FeSi2  requires 
however  an  additional  layer,  for  which  NiFe  alloys  were  iden¬ 
tified  to  be  applicable.  From  the  standpoint  of  electrical  and 
thermal  transport,  all  junctions  exhibit  reliable  properties. 
Problems  occur  at  the  FeSi2  /  NiFe  interface  under  high  at¬ 
mospheric  temperatures  due  to  the  development  of  corrosion 
products  and  mechanical  mismatch  of  the  reaction  layer. 

Introduction 

The  so-called  “FGM-concept”  employs  different  material 
stages  in  a  thermoelectric  (TE)  generator  device  in  order  to 
increase  its  overall  efficiency  by  locally  selecting  temperature 
adapted  materials  [1].  In  this  sense,  it  is  anticipated  for  exam¬ 
ple,  to  develop  a  segmented  TE  generator  consisting  of  Bi-Te, 
PbTe,  and  Si-Ge  (in  the  order  of  rising  temperature)  [2]. 

Besides  an  improvement  of  performance,  the  stacking  of  two 
or  more  materials  can  provide  further  advantages,  such  as 
simply  extending  the  temperature  range  a  specific  material  can 
be  utilized  in  by  covering  it  with  a  thermoelectric  “heat 
shield”.  In  this  sense  we  have  proposed  the  development  of  a 
stacked  generator  with  a  stage  consisting  of  bismuth-telluride 
based  alloys  (Bi-Te)  for  the  lower  temperature  range  and  a 
stage  made  from  iron  disilicide  (FeSi2)  for  the  hot  region.  Such 
an  element  combines  the  high  efficiency  of  the  Bi-Te  material 
with  the  high  temperature  stability  and  corrosion  resistance  of 


FeSi2.  Therefore  it  can  be  used  in  burner  applications,  where 
the  temperature  and  atmosphere  are  usually  adverse  for  the 
employment  of  Bi-Te  alone  [3,4]. 


Ni  Bi-Te  Ni  N^qF^so  FeS^-AI  Ni5QFe5o  Ni 


Fig.  1:  Stacked  Bi-Te/FeSi2  element  (15  mm  diameter)  with  upper 
and  lower  Ni-contacts  and  common  Ni  interface  produced  by  plasma 
activated  sintering  (PAS).  The  Ni50Fe50  interlayers  relieve  mechani¬ 
cal  stresses  to  the  FeSi2. 

Patterning  a  stacked  thermoelectric  element 

There  is  no  straightforward  method  to  overlook  the  perform¬ 
ance  of  a  given  combination  of  materials  and  it  is  even  more 
difficult  to  find  the  particular  design,  i.e.  segment  length,  of  a 
given  material  combination  to  form  a  segmented  TE  generator 
which  brings  about  maximum  performance. 

Different  approaches  to  calculate  the  efficiency  of  an  arbitrary 
thermoelectric  leg  have  been  published  in  the  literature,  either 
by  employing  a  concept  of  (stepwise)  average  transport  pa¬ 
rameters  to  simplify  the  problem  or  by  semi-analytical,  itera¬ 
tive  methods  [5,6,7].  We  have  recently  developed  a  more  sim¬ 
ple,  but  nevertheless  exact,  numerical  access  to  the  solution  by 
using  a  finite -element  (FEM)  algorithm  [8].  Thus,  we  are  able 
to  calculate  the  efficiency  and  the  power  output  of  an  arbitrary 
thermoelectric  generator  —  especially  of  a  device  with  varying 
composition  along  the  temperature  axis. 

The  reverse  question  of  finding  that  particular  composition 
profile  which  maximizes  the  efficiency  or  power  output  has 
been  previously  treated  by  either  probing  discrete  sets  of  com¬ 
positions  [9,10]  or  by  parameterizing  the  transport  parameter’s 
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temperature  dependence  and  subsequently  applying  a  standard 
mathematical  maximization  procedure  [11].  Both  procedures 
are  cumbersome  and  it  would  be  advantageous  in  having  a 
local  criterion,  which  prescribes  the  material  to  be  chosen  at  a 
certain  position  along  the  element’s  leg. 

It  is  often  thought  that  maximizing  the  local  (temperature  de¬ 
pendent)  figure-of-merit, Z  =  S2o/k  (with  Seebeck  coeffi¬ 
cient,  5,  electrical  conductivity,  a ,  and  thermal  conductivity, 
k  )  is  a  solution  to  the  problem.  This,  however,  is  not  right  for 
a  generator,  where  the  current  density  is  constant  over  the  de¬ 
vice  leg.  To  be  correct,  the  local  Z  adjustment  requires  addi¬ 
tionally  a  local  adjustment  of  the  current  density,  which  can 
only  be  achieved,  when  splitting  the  device  into  a  (large)  num¬ 
ber  of  stages.  The  maximum  performance  of  such  a  cascaded 
generator  (and  similarly  a  cascaded  Peltier  cooler)  is  then  in¬ 
deed  determined  by  the  (local)  quantity  Z. 

Our  new  access  in  optimizing  a  graded  device  is  based  on  the 
maximization  of  the  electrical  power  output 


Pel=A\ 


c  Lr 
i  J  S(T)dT  -  i2  j  dx/o(T) 


v  n 


0) 


This  is  the  equation  for  a  single  element  leg  with  cross  section 
A  and  its  spatial  coordinate  xy  which  is  0  at  the  hot  side  with 
temperature  Th  and  L  at  the  cold  side  with  Tc .  The  variable  i 
stands  for  the  electrical  current  density. 

If  one  substitutes  the  temperature  variable  by  x ,  one  receives 


(2) 


This  reveals  that  the  output  power  can  be  written  as  an  integral 
over  the  whole  element.  The  integrand  then  indeed  resembles 
a  differential  electrical  power  output,  Kel .  It  contains  local 
variables,  i.e.  transport  parameters  and  temperature,  but  also 
the  electric  current  density  as  a  global  environment  variable. 
The  temperature  gradient  can  be  substituted  by 
VT  =  ( iST-q)/K  (with  q  =  Q/A  the  density  of  heat  flow)  to 

get 


7t.,  =—  |  ZT-—--1  |. 

k  i 


(3) 


p-FeSi2:Al  and  (non-optimized)  p-Bi-Te  based  material,  which 
were  prepared  as  described  in  the  next  paragraph.  To  achieve 
maximum  power  output  for  a  hot  side  temperature  of  600  °C 
and  a  cold  side  of  30  °C,  the  interface  temperature  should  be 
190  °C.  This  requires  relative  segment  lengths  of  0.08  for  Bi- 
Te  and  0.92  for  FeSi2.  However,  as  can  be  seen  from  Fig.  1 , 
below  an  interface  temperature  of  220  °C,  the  power  output  is 
almost  constant,  while  the  efficiency  is  still  falling.  Therefore 
220  °C  can  be  regarded  to  be  the  optimum  value  for  a  practical 
application. 


Fig.  2:  Power  output  and  efficiency  of  a  segmented  FeSi2/BiTe  ele¬ 
ment  leg  as  a  function  of  the  interface  position,  i.e.  temperature.  It 
has  to  be  noted  that  the  materials  are  by  no  means  optimized,  which 
results  in  the  low  overall  efficiency  values.  Here,  the  emphasis  is  on 
the  performance  of  the  calculus. 


Preparation  of  segmented  FeSi2  /  BiTe  TE  elements  and 
properties  of  metal  /  semiconductor  joints 

For  the  practical  development  of  a  stacked  TE  element,  the 
interfaces  between  the  different  segments  must  serve  the  con¬ 
ditions  of  having  low  thermal  and  electrical  resistance  as  well 
as  being  mechanically  stable.  For  a  topologically  flat  surface  a 
mechanical  stable  joint  can  only  be  formed  if  some  kind  of 
reaction,  i.e.  alloy  formation  or  mutual  diffusion  between  the 
two  segment  materials  occurs.  In  this  case  a  rigid  joint  devel¬ 
ops,  which  mechanical  stability  is  mainly  determined  by  ther¬ 
mal  expansion  differences,  which  develop  between  the  proc¬ 
essing  and  operation  (or  room)  temperature. 


The  expression  contains  the  figure-of-merit,  but  there  is  an 
additional  correction  term  which  contains  the  environment,  i.e. 
q  and  i. 

As  this  is  a  calculus  for  maximizing  the  element’s  electrical 
output  power,  it  additionally  requires  a  matching  of  the  load  to 
the  internal  element  resistance. 

We  implemented  this  calculation  procedure  into  our  FEM 
program  which  determines  device  performance.  First  results 
on  maximizing  the  power  output  of  a  FeSi2/Bi-Te  stacked  gen¬ 
erator  revealed,  that  the  interface  temperature  between  the  two 
materials  has  to  be  chosen  considerably  lower  than  predicted 
by  the  local  Z  argument.  Input  were  the  experimental  data  of 


Plasma  activated  sintering 

For  all  materials,  i.e.  TE  semiconductors  and  metallic  contact 
materials,  prealloyed  or  elemental  powders  were  used  which 
were  consolidated  by  means  of  so-called  plasma  activated 
sintering  (PAS).  PAS  is  essentially  a  uniaxial  hot-pressing 
method  in  a  vacuum  chamber  (p  <  10  Pa)  with  an  electrically, 
directly  heated  pressing  die,  which,  in  the  present  case,  had  an 
inner  diameter  of  15  mm.  The  die  and  punches  were  made  of 
carbon  and  the  applied  axial  pressure  was  40  MPa.  In  contrast 
to  normal  hot  pressing,  where  the  die  is  heated  by  a  controlled 
DC  current,  the  mentioned  plasma  activation  is  achieved  by 
periodically  switching  the  heating  current  on  and  off.  This 
alternate  heating  occurs  at  the  beginning  of  the  pressing  proc- 
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ess  for  a  chosen  duration  of  90  s.  The  duration  of  the  pulse 
width  was  80  ms  with  a  duty  cycle  of  1 .  It  is  reported,  that  the 
periodical  switching  of  the  high  current  induces  an  ionization 
of  the  residual  gases  in  the  powder  batch  which,  during  subse¬ 
quent  recombination,  can  “activate”  the  powder  particles 
through  local  heating  or  sputtering  the  surface.  This  activation 
should  lead  to  a  faster  sintering  and  to  compacts  with  higher 
electrical  conductivity,  due  to  the  prior  cleaning  of  the  particle 
surfaces  [12]. 

Compaction  of  homogeneous  materials 

The  (Bi,Sb)2(Te,Se)3  powders  (shortly  referred  as  Bi-Te)  in  n- 
and  p-type  form  were  obtained  from  DTS,  Halle,  Germany. 
The  nominal  compositions  were  those  used  used  for  Peltier 
coolers,  though  their  doping  amounts  were  not  optimized  in 
the  present  case.  The  material  originated  from  Bridgman 
grown  crystals,  ground  in  a  planetary  ball  mill.  The  FeSi2 
powders  were  produced  by  inert  gas  atomization  by  H.C. 
Starck,  Goslar,  Germany.  Doping  was  achieved  by  adding 
2.5  at%  A1  for  p-type  and  5  at%  Co  for  the  n-type  FeSi2. 

Fig.  3  shows  a  plot  of  reached  end  densities  vs.  temperature,  as 
measured  by  a  thermocouple  in  the  carbon  die.  For  Bi-Te  ma¬ 
terials,  a  temperature  of  250  °C  and  a  processing  time  of  3 
minutes  is  sufficient  to  produce  a  compact  with  a  relative  den¬ 
sity  above  90%.  The  maximum  die  temperature,  before  melted 
regions  due  to  local  overheating  occur,  has  experimentally 
been  determined  to  be  around  350  °C.  This  results  in  the  indi¬ 
cated  processing  window  for  the  Bi-Te  based  materials. 


Fig.  3:  Processing  windows  for  PAS  of  Bi-Te  and  FeSi2.  As  the  win¬ 
dows  are  too  distant  on  the  temperature  scale,  several  processing 
steps  are  necessary. 

In  the  case  of  the  FeSi2,  however,  in  order  to  reach  a  sufficient 
density,  the  temperature  should  be  above  850  °C  with  a  proc¬ 
essing  time  of  at  least  13  minutes  including  heating.  On  the 
other  hand  the  temperature  should  not  exceed  960  °C,  as  this 
lead  to  frequent  cracking  of  the  ingot.  After  this  comparably 
short  compacting  process,  the  FeSi2  is  still  mainly  in  its  metal¬ 
lic  a-phase.  A  subsequent  tempering  is  necessary  to  induce  the 
transition  into  the  semiconducting  P-phase  [13]. 

The  processing  windows  for  the  two  TE  materials  are  there¬ 
fore  widely  separated  in  temperature,  which  means  that  a 


stacked  element  cannot  be  formed  in  a  single  processing  step. 
Therefore  a  method  has  to  be  developed,  which  joins  Bi-Te  to 
a  preprocessed  FeSi2  compact. 

First  experiments  on  forming  a  direct  joint  by  sintering  Bi-Te 
powder  to  bulk  FeSi2  failed.  Besides  the  fact  that  the  thermal 
expansion  coefficient  (CTE)  mismatch  of  Bi-Te  and  FeSi2  is 
serious  (CTE  =  !9-10'6K'‘  for  Bi-Te,  and  10-KT6  K'1  for 
FeSi2),  no  junction  was  physically  and  chemically  formed. 
Reason  seems  to  be  a  thin  oxide  layer  which  develops  on  the 
FeSi2  and  could  not  be  avoided. 

Ni  /  FeSb  joints 

From  earlier  experiments  it  is  known,  that  Ni  can  be  perfectly 
bond  to  Bi-Te  under  the  given  processing  conditions  for  this 
TE  material  [14,15].  The  resulting  contacts  have  a  low  contact 
resistance  and  are  mechanically  and  electrically  stable.  Thus  it 
is  advantageous  to  use  Ni  as  a  common  interface  for  the  two 
materials  in  question  here.  Joining  Ni  to  FeSi2,  however,  by 
processing  a  layered  stack  of  Ni  and  FeSi2  turned  out  to  be  not 
straightforward,  since  the  large  CTE  of  Ni  (14-10 6  K'1)  always 
caused  a  delamination  crack  near  the  Ni/FeSi2  interface,  which 
developed  in  the  brittle  and  obviously  low  yield  semiconduc¬ 
tor.  Microscopic  investigations  showed  that  under  the  given 
conditions  a  reaction  layer  of  about  50  Jim  thickness  develops 
at  the  interface.  Measuring  the  voltage  profile  across  this  inter¬ 
face  revealed  that  the  layer  is  obviously  metallic,  since  its 
contact  resistance  is  very  low. 

The  so-called  FGM  (functionally  graded  material)  concept 
tries  to  release  thermal  stress  by  a  continuous  or  stepwise 
change  in  composition  of  the  two  materials  to  be  joined.  Doing 
this,  it  is  assumed  that  the  material  properties  follow  any  mix¬ 
ing  rule,  i.e.  the  resulting  material  properties  are  between  those 
of  the  two  constituents.  In  the  case  of  powder  mixtures,  this 
assumption  is  generally  only  valid,  if  there  are  neglecting 
amounts  of  reaction  products  between  the  components. 

When  forming  a  stepwise  graded  junction  between  Ni  and 
FeSi2,  the  appearing  cracks  become  even  severe.  A  thorough 
investigation  by  density  measurements  and  x-ray  diffraction 
indeed  revealed,  that  a  number  of  compounds  were  formed, 
which  have  unpredictable  mechanical  properties.  As  in  the 
case  of  TE  semiconductors  usually  many  component  systems 
occur  which  tend  to  form  mutual  reactions,  one  can  conclude 
as  a  general  rule  that  the  simple  FGM  concept  of  material 
mixtures  does  mostly  not  lead  to  the  expected  results. 

Thermal  stress  relieved  Ni  joint  to  FeSi? 

Instead,  a  different  material  system  with  the  desired  properties 
has  to  be  employed  to  relieve  the  developing  thermal  stresses 
on  cooling.  In  the  present  case  we  had  success  in  forming 
junctions  between  FeSi2  and  nickel-iron  based  low  CTE  al¬ 
loys.  In  particular,  we  present  here  results  on  joining 
Ni50Fe50,  which  has  a  thermal  expansion  coefficient  between 
that  of  Ni  and  FeSi2.  The  usually  used  low  CTE  alloy 
Ni36Fe64,  commonly  known  as  Invar,  is  not  advantageous, 
since  the  CTE  in  the  considered  temperature  range  above 
700  °C  already  reaches  a  value  of  B-IO^K*1,  which  was 
found  to  be  too  large. 


377 


16th  International  Conference  on  Thermoelectrics  (1997) 


Ni50Fe50  can  be  processed  together  with  FeSi2.  It  develops  a 
similar  reaction  layer  as  in  the  case  of  pure  Ni  (cf.  Fig.  4). 
Striking  is  the  point  that  at  the  metal  side  of  the  boundary  al¬ 
ways  a  large  agglomeration  of  pores  is  seen,  which  shows  up 
as  a  dark  line  in  Fig.  4.  This  region  indeed  turned  out  to  be  the 
weakest  element  in  the  joint,  since  preliminary  aging  experi¬ 
ments  in  air  at  600  °C  revealed  that  corrosion,  which  started 
from  the  junction  edges  developed  into  the  pore  region  caus¬ 
ing  the  connection  to  break.  This  procedure  may  be  enhanced 
by  the  fact  that  the  reaction  layer  has  probably  different  me¬ 
chanical  properties  than  the  surrounding  regions.  The  mecha¬ 
nisms  of  void  formation  and  thermal  stability  has  to  be  inves¬ 
tigated  further. 

In  a  second  processing  step  it  is  now  possible  to  join  a  Ni  layer 
to  the  Ni50Fe50,  which  then  resembles  the  desired  interface  to 
the  Bi-Te.  As  this  joint  can  even  be  achieved  at  a  temperature 
low  enough  to  process  Bi-Te,  the  aimed  at  segmented  structure 
becomes  feasible  in  only  one  additional  processing  step.  It  is 
possible  to  directly  join  a  stack  of  Ni  /  Bi-Te  /  Ni  to  the 
Ni50Fe50  /  FeSi2  /  Ni50Fe50  resulting  in  the  structure  shown 
in  the  photo  of  Fig.  1. 


Fig.  4.:  FeSb  /  Ni  joint  with  Ni50Fe50  interface  to  adapt  the  coeffi¬ 
cients  of  thermal  expansion  (CTE).  An  about  50  pm  thick  reaction 
zone  develops  at  the  FeSi2  boundary.  The  dark  line  in  the  Ni50Fe50 
is  an  agglomeration  of  voids. 

Conclusions  and  outlook 

The  application  of  our  numerical  model  to  a  stacked  Bi-Te  / 
FeSi2  structure  revealed,  that  is  not  appropriate  in  terms  of 
electrical  power  output  to  operate  the  Bi-Te  stage  at  the  high¬ 
est  possible  temperature.  With  the  data  given  here  (for  non- 
optimized  material,  but  in  comparison  valid)  the  optimum  op¬ 
eration  temperature  is  around  220  °C,  which  is  considerably 
low. 

By  means  of  a  two  stage  uniaxial  hot-pressing  process  it  is 
possible  to  form  a  stacked  Bi-Te  /  FeSi2  structure,  where  Ni  is 
employed  as  a  common  interface  which  simultaneously  acts  as 
a  diffusion  barrier  for  dopants  between  the  stages.  Ni  can  be 
directly  joint  to  Bi-Te  under  the  given  processing  conditions 
for  this  semiconductor.  A  direct  joint  to  FeSi2  is  not  possible 
as  the  developed  mechanical  stress  is  too  severe.  The  yield 


strength  of  FeSi2  turned  out  to  be  extremely  low.  Only  when 
additionally  inserting  a  Ni50Fe50  layer  with  intermediate 
CTE,  a  successful  joint  could  be  formed. 

Preliminary  experiments  on  joining  plates  of  the  low  CTE 
material  Kovar  (Ni29Col7Fe54),  showed  some  advantages. 
Firstly,  the  pore  agglomeration  always  found  when  joining  Ni 
containing  powder  to  FeSi2  did  not  develop,  and  secondly,  the 
low  CTE  holds  the  semiconductor  under  pressure.  Due  to  the 
low  Ni  content,  however,  we  did  not  succeed  in  directly  join¬ 
ing  Ni  under  the  low  temperature  conditions  required  to  proc¬ 
ess  Bi-Te.  But  the  employment  of  bulk  interlayers  with  a  lower 
CTE  should  be  anticipated  when  further  improving  the  prop¬ 
erties  of  the  structure. 
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Abstract 

The  2-stage  functionally  graded  materials  (FGM)  of 
carrier  concentration  controlled  PbTe  were  prepared  by 
plasma  activated  sintering  (PAS)  using  the  discs  cut  from 
melt-grown  PbTe  ingots.  The  component  materials  of  PbTe 
ingots  were  prepared  by  the  Bridgman  method  with  2000  or 
4000  molppm  Pbl2  as  a  n-type  dopant.  The  thermoelectric 
characterization  of  the  FGM  was  made  in  the  temperature 
range  from  300  to  700  K.  The  thermoelectric  power  ( a)  and 
the  electrical  conductivity  (a)  for  the  FGM  was  almost 
intermediate  between  those  for  the  components.  In  the 
measured  temperature  range,  the  power  factor  (a2  a)  value 
for  the  FGM  was  found  to  exceed  that  for  the  components. 
This  results  indicate  the  possibility  to  realize  high  efficiency 
of  energy  conversion  with  the  well  designed  FGM  structure. 

Introduction 

PbTe  is  one  of  the  best  materials  used  in  construction  of 
thermoelectric  generators  working  at  intermediate 
temperature  region  (450-840  K).  The  PbTe  generators  were 
developed  as  the  special  application  in  space  exploration  in 
1960s  and  constitute  the  power  supply  unit  using  heat  of  gas 
combustion  [1]. 

Since  the  maximum  figure  of  merit  (Z)  shifts  in  wide 
temperature  range  depending  upon  carrier  concentration,  the 
functionally  graded  materials  (FGM)  of  PbTe  with  controlled 
carrier  concentration  is  expected  to  attain  high  efficiency  of 
thermoelectric  energy  conversion. 

Plasma-activated  sintering  (PAS)  has  been  developed  in 
the  preparation  of  a  variety  of  FGM  [2],  where  the  powder 
particle  surface  are  activated  by  plasma  leading  to  an 
accelerated  reaction  or  sintering.  The  PAS  has  lately  been 
applied  to  preparation  of  the  thermoelectric  materials  such 
as  SiGe  and  PbTe  [3,4,5], 

In  the  present  study,  we  prepared  the  stepwise  earner 
concentration  FGM  of  n-type  PbTe  by  using  PAS. 


Experimental 
Preparation  of  PbTe-FGM 

The  PbTe  ingots  as  the  source  material  were  prepared  by 
the  Bridgman  method  after  the  direct  melting  of  constituent 
elements  of  Pb  and  Te  (nominal  purity  of  99.9999%).  The 
weighed  amount  of  the  elements  in  the  stoichiometric 
composition  (Pb/Te=l)  was  vacuum  sealed  in  a  quartz 
ampule  (10  mm  ID  and  120  mm  length)  with  2000  or  4000 
molppm  Pbl2  as  the  source  of  n-type  dopant  of  iodine.  The 
growth  condition  was  as  follows;  the  maximum  heating 
temperature  of  1223  K,  the  temperature  gradient  of  about 
1200  K/m  at  melting  point,  and  growth  rate  of  4  mm/hr. 

Table  1  shows  thermoelectric  properties  of  Pbl2  doped  n- 
type  PbTe  at  300K  [6], 

The  PAS  was  performed  in  a  carbon  die  with  1 1  mm  ID. 
The  n-type  2-stage  FGM  was  prepared  by  direct  PAS  of  the 
two  discs  (~6.5  mm  thickness  X  10  mm  diameter)  cut  from 
the  2000  and  4000  molppm  Pbl2  doped  ingots,  where  the 
powder  from  the  4000  molppm  Pbl2  doped  ingots  was  placed 
between  the  discs  as  the  binder. 

The  PAS  condition  was;  in  a  vacuum  of  about  10  Pa 
under  the  condition  of  load  of  30  MPa,  and  pulse  current  of 
600  A  at  25  V  with  6  Hz  for  90  s,  followed  by  the  heating  at 
950  K  for  540  s. 

Measurement  of  thermoelectric  properties 

The  Hall  coefficient  (RH)  and  electrical  conductivity  (  a) 
were  measured  by  van  der  Pauw  configuration  using  the  Pt- 
wire  electrodes.  The  carrier  concentration  \NA-N0\  was 
estimated  by  using,  the  equation  \NA-Nv\=l/eRu  (e:  electric 
charge).  Hall  mobility  ( u  h)  was  obtained  by  using  the 
equation  u  h  =Rh  o  . 

The  thermoelectric  properties  of  the  FGM  and  its 
components  were  measured  in  10'1  Pa  in  the  temperature 
region  from  300  to  700  K.  The  sample  size  was  5X5X13 
mm3.  On  the  thermoelectric  power  measurement  for  FGM, 
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Table  1  Thermoelectric  properties  of  Pbl2  doped  n-type 


PbTe  at  300Kr61. 


No. 

Pbl2 

n 

a 

a 

(molppm)  (m‘3) 

(Q'W) 

(m2vV) 

(V-K'1) 

(1) 

2000 

4.2  X1024 

4.6  X104 

1.1  X10'1 

-2.4  xur4 

B= 

4000 

4.9  X1025 

3.5  X105 

5.4  X10'2 

-1.1  X10-4 

the  components  of  high  and  low  carrier  concentration  were 
arranged  to  high  and  low  temperatures,  respectively,  and 
thermoelectromotive  force  (EMF)  was  measured  at  the 
temperature  difference  within  about  10  K  between  the  hot 
and  cold  ends.  Fig.  1  shows  schematic  diagram  of  2-stage 
carrier  concentration  FGM  of  PbTe.  The  temperature  was 
monitored  by  using  Pt-13%Rh  thermocouples  and  the 
additional  Pt  electrodes  were  adopted  for  the  EMF 
measurement.  For  the  electrical  conductivity  measurement, 
the  Pt  wires  of  the  thermocouples  were  served  as  the  current 
lead  and  the  additional  electrodes  as  the  potential  lead. 


71 


Component  (1):  n40 <x> 
13.0  mm 

Component  (2):  n2ooo 
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/?4000  >  n2000 

Fie.  1:  Schematic  diagram  of  2-stage  carrier  concentration 
FGM  of  PbTe. 


Fig.  2:  Temperature  dependence  of  electrical  conductivity 
in  2-stage  FGM  and  components  of  n-type  PbTe. 
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Temperature,  77  K 


Fig.  3:  Temperature  dependence  of  thermoelectric  power 
in  2-stage  FGM  and  components  of  PbTe. 


Results  and  Discussion 

Figure  2  shows  the  temperature  dependence  of  a  for  the 
FGM  and  the  components.  The  a  values  of  all  the  samples 
monotonously  decreased  with  an  increase  of  temperature, 
indicating  that  the  samples  are  the  typical  degenerated 
semiconductors.  The  a  value  for  the  FGM  was  almost 
intermediate  between  those  for  the  components  and  get 
closer  to  that  of  component  (2)  with  an  increase  of 
temeprature. 

Figure  3  shows  the  temperature  dependence  of  a  for  the 
FGM  and  the  components.  The  a  value  for  the  component 
(1)  linearly  increased  up  to  near  600  K  with  an  increase  of 
temperature  and  took  a  maximum  of  3.2  X 10'*  V-K'1,  while 
the  maximum  for  (1)  was  2.0  X 10*4  V'K'1  at  about  700  K. 
The  curve  for  the  FGM  was  almost  intermediate  between 
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Fig.  4:  Temperature  dependence  of  power  factor 
in  2-stage  FGM  and  components  of  PbTe. 
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those  for  the  components. 

Figure  4  shows  the  temperature  dependence  of  the 
electric  figure  of  merit  (or  power  factor,  a  2  a )  for  the  FGM 
and  the  components.  With  an  increase  of  temperature,  the 
a 2  a  value  for  the  component  (1)  monotonously  decreased 
with  an  increase  of  temperature,  while  that  of  (2)  increased 
and  took  a  maximum  at  about  560  K.  At  7>370  K,  the  a  2 
a  value  for  the  component  (1)  was  lower-lying  than  that  for 

(2).  In  the  measured  temperature  range,  the  a  2  o  value 
for  the  FGM  was  found  to  exceed  those  for  the  components. 
This  result  indicates  the  part  with  lower  carrier 
concentration  of  FGM-disc  contributes  to  an  increase  of  a 
value  over  a  decrease  of  a .  This  result  indicates  the 
possibility  to  realize  high  efficiency  of  energy  conversion 
with  the  well-designed  FGM  structure. 

The  measurement  of  thermoelectric  properties  in  the 
present  study  was  performed  under  the  small  temperature 
span.  It  is  necessary  to  measure  the  thermoelectric 
properties  of  well-designed  samples  under  the  large 
temperature  span  in  order  to  visualize  the  effect  of  FGM. 

Conclusion 

In  this  study,  2-stage  carrier  concentration  FGM  of  n-type 
PbTe  was  prepared  by  using  PAS. 

(1) The  a  and  a  value  for  the  FGM  were  almost 
intermediate  between  those  for  the  components. 

(2) In  the  measured  temperature  range,  the  a1  a  value  for 
the  FGM  was  found  to  exceed  that  for  the  components. 
This  result  indicates  the  part  with  lower  carrier 
concentration  of  FGM-disc  contributes  to  an  increase  of  a 
value  over  a  decrease  of  a .  This  result  indicates  the 
possibility  to  realize  high  efficiency  of  energy  conversion 
with  the  well-designed  FGM  structure. 

(3) It  is  necessary  to  prepare  a  well-designed  stepwise  FGM 
and  measure  the  thermoelectric  properties  the  under  the 
large  temperature  span  in  order  to  visualize  the  effect  of 
FGM. 
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Abstract 

Thermoelectric  conversion  (TEC)  presents  several 
advantages  compared  to  the  other  energy  conversion 
technology:  they  are  reliable,  can  operate  untainted  in  hostile 
environments,  and  are  also  environmentally  friendly. 
However  their  application  has  been  limited  up  to  now 
because  of  the  relatively  low  conversion  efficiency  of 
traditional  thermoelectric  materials  used  in  the  devices.  New 
more  efficient  materials  are  needed.  The  value  of  a  material 
for  thermoelectric  power  generation  is  defined  by  the 
thermoelectric  figure  of  merit  Z  which  is  a  function  of  the 
Seebeck  coefficient  S,  electrical  resistivity  p,  and  thermal 

conductivity  k  and  is  defined  as  Z  =  S* Ipk.  A  choice  of  the 
optimal  technique  for  the  leg  formations  from  synthesized 
thermoelectric  materials,  which  are  capable  to  provide  the 
leg  required  forms  and  leg  geometrical  sizes,  are  determined 
by  mechanical  properties.  Several  methods  for  a 
thermoelectric  efficiency  increase  that  have  been  put  forward 
over  the  past  years.  Among  them  we  wish  to  focus  our 
attention  to  produce  segment  thermoelectric  leg  with 
variation  of  the  composition  along  legs.  Calculated 

efficiency  in  this  case  is  more  than  10  %  (7h  =  500  °C,  7c  = 

50  °C).  The  first  experimental  results  on  2-stage  composite 
leg  indicate  the  high  efficiency  in  the  thermoelectric  energy 
conversion.  Crystal-growth  techniques  with  high  crystalline 
perfection  stimulates  us  to  use  this  method  for  preparation 
the  thermoelectric  generator  material. 

Introduction 

A  major  objective  if  this  search  addresses  the  crystal 
growth-concept  towards  the  optimization  of  TEC.  High 
carrier  mobility  p,  (Z  ~  p)  is  usually  found  in  the  structures 
with  high  crystalline  perfection.  The  group  IV  and  V 
tellurides  are  the  most  effective  base  materials  for  TEC. 
The  thermoelectric  properties  are  strongly  dependent 
function  of  the  carrier  concentration.  The  formation  of  the 
gradient  material  is  actually  incidental  to  one  of  the  main 
objectives  of  thermoelectric  property  optimization  with 


goal  the  maximal  achievement  of  Z  in  wide  temperature 
range  [1].  Doping  in  these  compounds  is  achieving  not 
only  by  impurity  atoms,  but  also  constituent  elements 
themselves  [2,  3]. 

The  elimination  of  the  negative  influence  of  minority 
carriers  in  n-  and  />-type  PbTe,  that  lead  to  decreasing  Z 
values  at  high  temperature,  is  suggested  to  achieve  this  by 
doping  PbTe  with  III  -  Group  impurities  (for  w-type  -  In 
and  for  p- type  -  T1 )  [4].  Indium  has  a  very  favourable  role 
as  a  dopant  in  PbTe.  When  PbTe  is  doped  with  indium,  it 
forms  an  impurity  level  in  the  conduction  band.  When  the 
concentration  N}n  is  low,  its  electrons  fill  states  in  the 

conduction  band  made  available  by  other  impurities.  At 
higher  concentrations  the  Fermi  level  becomes  pinned 
at  a  position  that  is  the  energy  level  of  the  impurity  E\  and 
it  practically  does  not  depend  on  N^.  When  PbTe  is  doped 
with  thallium,  it  forms  an  impurity  level  in  the  valence 
band  and  produces  holes. 

Moreover,  for  achieving  optimal  Z  in  the  50  -  500°C 
temperature  range,  it  is  suggested  to  design  2-stage 
composite  legs  consisting  of  crystals  for  /z-leg  - 

Bi2Te2  4Se0  6  (the  temperature  interval:  50  -  250  °C)  and 
PbTe<In>  (  250  -  500  °C);  for  p- type  -  5Sbj  5Te3  (50 
-  200  °C)  and  PbSnTe  (200  -  500  °C). 

Characterization  of  modern  generator  thermoelectric 
materials 

Thermoelectric  materials  make  up  the  “legs”  of  a 
thermoelement  and  are  usually  fabricated  by  powder 
technology  methods  [5].  Table  1  tabulates  the  most 
important  materials  for  TEC  applications,  their  effective 
temperature  range  of  operation,  the  average  value  of  the 
figure  of  merit  in  this  range  and  the  calculated  efficiency 
value  of  a  hypothetical  thermoelement,  the  »-  and  /?-legs  of 
which  have  the  same  Z  value  at  the  same  temperature 
interval.  Chalcogenides  of  V  group  elements,  such  as 
bismuth,  antimony  (materials  1  and  2  in  the  above-table) 
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display  the  highest  Z  values  in  the  low  temperature  20  - 

250  °C  region  of  the  requested  temperature  range.  When 
crystallized  in  the  tetradymit-type  hexagonal  lattice,  both 
the  n-  and  p- type  materials  are  characterized  by  an 
appreciable  anisotropy  of  an  electrical  and  thermal 

conductivity.  Thus,  Z  =  S?!pk  displays  maximum  in  the 
direction  perpendicular  to  the  V  axis  of  the  crystal  [3]. 
Material  synthesis  and  the  thermoelectric  device  leg 
formation  are,  therefore,  designed  and  performed  using 
techniques  that  provide  maximum  obtainable  texture.  The 
isostructural  monotellurides  of  IV  group  elements  (NaCl- 
type  lattice)  make  up  a  subgroup  of  so  called  mid¬ 
temperature  generator  materials  which  are  effective  in  the 

500  -  600  °C  temperature  range  of  the  hot  junction. 
Finally,  Co(Fe)Sb3,  IrSb3  are  most  appropriate  for  the 
highest  operating  temperature.  These  materials  are  part  of 
the  large  family  of  skutterudites,  a  class  of  compounds 
which  have  shown  a  good  potential  for  thermoelectric 
application  [6].  Figs,  la  and  b  show  the  temperature 
dependence  of  Z,  typical  for  these  materials.  The  maximum 

value  Z  for  materials  1  and  2  is  reached  at  150  °C 
decreases  sharply  with,  further  temperature  increase  due 


to  the  negative  influence  of  the  intrinsic  conduction 
(forbidden  band  for  these  materials  is  not  more  0.2  eV). 

In  general,  the  main  disadvantage  of  the  potential  materials 
lies  in  the  difficulty  of  getting  high  Z  values  in  the  50  - 

500  °C.  It  is  also  of  relevance  that  in  general,  /?-t ype 

materials  in  the  100  -  500  °C  temperature  range  display 
serious  drawbacks.  Thus,  GeTe  has  the  highest  in  Z  value, 
but  only  over  a  limited  operating  temperature  range  (Table 
1).  This  is  due  to  the  polymorphic  transition  that  takes 

place  at  250  °C  and  causes  a  decrease  of  Z  in  the  low 
temperature  crystal  modification.  Legs  from  p-type  PbTe 
is  less  expensive  than  GeTe,  has  a  lower  vapor  pressure 
may  be  used  over  a  wider  operating  temperature  range  and 
thus  compensates  to  some  extent  its  lower  Z  value.  This 
material,  however,  displays  an  extremely  brittle  behavior, 

19  -3 

in  particular  at  a  hole  concentration  p  >  3*10  cm  . 
Presently,  the  segment  (composite)  p- leg  by  composition 

Bi05Sb1  5Te3  (temperature  interval:  50  -  300  °C)  and 
GeTe  (300  -  500  °C)  was  prepared  by  powder  technology. 


Table  1 .  Thermoelectric  materials,  prepared  by  powder  technology  [5,  6] 


No 

Base 

formula 

Type 

Melting  point 
T,°  C 

Temperature 
range  AT,  °C 

Average  value 

Zx  103,  K-* 

Efficiency 
%  % 

1 

^2^e0.6^e2.4 

n 

600 

20  -  300 

1.2 

5 

2 

Bi0  5Sbi  5Te3 

p 

620 

20  -  300 

1.2 

5 

3 

GeTe 

p 

700 

250  -  550 

1.6 

10 

4 

SnTe 

p 

780 

300  -  600 

07 

4.3 

5 

PbTe 

n 

920 

100-550 

1.2 

9.8 

6 

PbTe 

P 

920 

100  -  550 

1.4 

11.3 

7 

Cu2Se 

P 

1140 

200  -  800 

0.7 

7.6 

8 

CeFe3  5C0Q  jSb]2 

P 

931 

200  -  800 

1.3 

14 

(peritec.  react.) 

9 

CoSb3 

n 

931 

200  -  800 

- 

- 
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Fig  l.a:  Figure  of  merit,  Z  as  a  function  of  temperature  for  /?-type  thermoelectric  materials: 
1-  Bi2Te2  4Se0  6,  2,  3,  4  -  PbTe  with  increasing  carrier  density,  5  -  PbTe<In>. 


Fig  l.b:  Figure  of  merit,  Z  as  a  function  of  temperature  for  p- type  thermoelectric  materials: 
^  1-  Bi0  3Sb1  3Te3,  2  -  PbTe,  3  -  SnTe,  4  -  GeTe,  5  -  Cu2Se,  6  -CeFe3  5Co0  5Sb12. 
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The  preparation  of  crystals  and  thermoelectric 
characterization 

The  crystals  Bi2Te2  4Se06  (doping  impurity  -  Br,  using 
SbBr3  compound)  and  BiQ  5Sbj  5Te3  (doping  impurity  -  Pb) 

were  grown  by  the  Float  Zone  Process.  These  materials 
were  developed  to  display  appropriate  anisotropy  so  as  to 
yield  maximal  Z  values.  The  crystals  w-PbTe  (doping 
impurity  -  I,  using  PbBI2  compound)  and  p-  PbSnTe 
(doping  impurity  -  Na)  were  grown  by  the  Czochralski 
technique.  The  parameters  of  process  are  next:  crystal 
diameter,  D  =  25  -  30  mm,  crystal  growth  v  =  2  cm/hour, 
and  rotation  speed  5  =  0.5  1/s.  Distribution  of  Seebeck 
coefficient  along  crystals  is  not  more  than  ±10  juVf. K. 

The  average  Z  for  crystal  legs  PbTe  of  n-  and  p- type 
conductivity  is  higher  (minimum  on  25  %)  than  for  the 
same  composition  legs,  prepared  by  the  powder  technology. 

Profile  doping  of  preparing  crystals 
Doping  in  A^b'V*  (tellurides  of  VI  group)  is 
(chalcogenides  of  V  group)  these  compounds  is  achieving 
not  only  by  impurity  atoms,  but  also  constituent  elements 
themselves.  Thus,  for  case  of  PbTe  carrier  concentration  is 
given  by  [2] 

nip)-  -2[FXe]  +  2[KPg  +  0[/Te]  +  1[/PJ,  (1) 

when  total  charge  q  is  negative  we  have  electron 
conductivity,  when  q  is  positive  we  have  hole  conductivity. 
Here  [V\  and  [/]  denote  the  vacancy  and  interstitial 
concentrations  of  lead  and  tellurium,  respectively. 

For  case  of  compounds  type  Bi2Te3  and  solid  solutions  on 

its  base,  carrier  concentrations  given  by  [3] 

n(p)  =  -[MXe]  +  (2) 

Here  [A/Te]  denote  substitutional  concentrations  of  Te 
atoms  on  Bi  places  and  [MBi]  is  contrary.  The  gradient 

thermal  treatment  and  composition  variation  can  be  used  to 
influence  the  concentration  of  native  defects  and  thereby 
the  thermoelectric  properties. 

Elimination  the  negative  influence  of  minority  carriers  in  n - 
PbTe  at  high  temperature 

We  suggest  to  achieve  this  goal  doping  PbTe  by  III  group 
impurities  which  as  was  discovered  at  the  last  time  quasi¬ 
local  (on  the  band  spectrum  background)  or  local  (in  the 
gap)  levels.  Among  manifestations  (very  important  for 
application  in  the  thermoelectricity)  of  these  impurities  are: 
Fermi  level  pinning  and  carrier  concentration  stabilization, 
resonance  scattering  [4].  For  n-\eg  preparation  PbTe 


crystals  were  doped  by  indium  PbTe<In>.  Indium  impurity 
in  lead  telluride  definitely  manifests  donor  properties,  but  in 
spite  of  a  very  high  solubility  of  InTe  in  PbTe  the  electron 
concentration  is  practically  constant.  The  additional  doping 
of  PbTe<In>  with  iodine  I  (one-charged  donor)  or  sodium 
Na  (one-charged  acceptor)  practically  does  not  cause  the 
change  of  electron  concentration  until  the  additional 
impurity  concentration  reaches  the  content  of  In.  The  same 
mechanism  can  explain  the  elimination  the  negative  influence 
of  minority  carriers  on  the  transport  properties  of  PbTe 
crystals,  doping  In  at  high  temperature.  Therefore  for  this 
composition  temperature  dependence  Z  practically  is 

constant  (curve  5  on  Fig.  la)  to  T  =  500  °C.  Profile  doping 
by  indium  (in  »-type  crystals  from  hot  side)  can  be  produced 
by  the  diffusion  process. 

The  production  of  composite  n-leg 

For  achievement  optimal  Z  at  temperature  range:  50  - 

500°C  we  suggest  composite  w-leg  consisting  from  two 

parts:  crystals  Bi2Te2  4Se0  6  (50  -  250°C)  and  PbTe<In> 

(250  -  500°C).  The  first  experimental  results  on  composite 
leg  indicate  that  high  efficiency  in  the  thermoelectric 

energy  conversion  (average  Z  =  1.5x  10  3  K"1). 


Conclusions 

The  crystal  growth  technique  was  developed  for  the 
preparation  the  generator  thermoelectric  materials.  It  was 
suggested  the  special  doping  by  III  group  impurities  for 
elimination  the  negative  influence  of  intrinsic  conductivity 
in  PbTe  at  high  temperature.  We  made  considerable 
progress  in  the  area  of  the  development  the  composite 

thermoelectric  leg  for  the  temperature  area  50  -  500  °C. 
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Abstract 

Thermoelectric  properties  have  been  investigated  on 
the  «-type  PbTe  material  composed  of  2  segments  with 
different  electron  concentrations  Me.  The  2-segment 
material  was  prepared  by  liquid  state  diffusion  bonding  of 
two  kinds  of  solidified  ingots.  Me  of  the  ingots  were  3  X 
1 024  and  6  X 1 025/m3.  The  ingot  of  3  X  1 024/m3  had  higher 
power  factor  below  500K,  while  the  ingot  of  6X  1025/m3 
had  higher  one  above  500K.  The  ingot  with  higher  Me  was 
for  higher  temperature  use.  When  the  temperature 
difference  was  given  with  the  jointed  interface  of  more  than 
45  OK,  the  2-segment  material  was  found  to  give  higher 
maximum  power  than  the  original  ingots.  From  these 
results,  the  segmentation  with  graded  Me  is  effective  to 
improve  the  power  generating  performance  of  M-type  PbTe. 

Introduction 

Lead  telluride  PbTe  is  typical  M-type  thermoelectric 
material  used  in  the  temperature  range  from  400K  to  800K 
[1],  It  has  been  already  applied  to  power  generating 
material  at  special  locations,  i.e.  space,  deep  sea,  desert, 
pole  and  so  on[2].  Higher  energy  conversion  efficiency  is 
essential  to  its  commoner  applications.  PbTe  shows  a 
maximum  of  figure  of  merit  Z  at  a  temperature  7opt.  7opt 
can  be  shifted  with  keeping  ZT  by  changing  electron 
concentration  Me;  7opt  is  higher  by  higher  Me[3].  When  the 
segmented  PbTe  with  graded  Me  is  developed,  Z  should  be 
higher  in  a  wider  temperature  range,  resulting  in  higher 
energy  conversion  efficiency.  In  this  paper,  thermo¬ 


electric  properties  have  been  investigated  on  the  M-type 
PbTe  material  composed  of  2  segments  with  different  Me. 


Experimental  procedure 

The  mixtures  of  Pb  and  Te  with  dopant  of  Pbk  were 
capsulated  in  evacuated  quarts  tubes  under  1  X  10‘3Pa. 
The  mixing  ratio  of  PbTe  was  1:1,  and  Me  was  controlled 
by  the  amount  of  Pbk.  The  mixtures  were  melted  at 
1300K  by  the  rocking  furnace  with  rocking  cycle  of  1  Hz 
to  obtain  homogeneous  ingots,  and  solidified 
unidirectionally  at  the  cooling  rate  of  30K/h.  The  slope  of 
temperature  given  to  the  quarts  tubes  during  cooling  was 
0.5K/mm.  The  two  ingots  with  different  Me  (Ingot(L): 
Me=3  X  1024/m3,  Ingot(H):  Me=6  X  1025/m3)  were  jointed  by 
liquid  state  diffusion  bonding  technique  in  an  Ar 
atmosphere.  Pb-60wt%Sn  was  applied  as  soldering 
material  and  the  Pb-60wt%Sn  sheet  was  50pm  thick. 


e  3.  45mm  » 


Heated  side 


Interface 

Cooled  side 


Fig.  1  Schematic  view  of  jointed  PbTe  material 
Ingot(L):  Me=3  X  1024/m3,  Ingot(H):  m= 6  X  1025/m3 
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Table  1  Thermoelectric  properties  of  as-solidified  ingots  at  room  temperature  prepared  for  jointing 

Electron  Electrical  Seebeck  Thermal  Figure  of 

Concentration  Resistivity  Coefficient  Conductivity  Merit 

_ »e  (/m3)  p  (pQm) _ a  (p.V/K) _ k  (W/Rrn)  Z  (/K) 

Ingot(L)  3X1024  13.3  184  2.0  1.3  X10'3 

Ingot(H) _ 6X1Q25 _ L63 _ 304 _ 5.6  1.0  XHT4 


The  jointing  was  imder  2.0MPa  at  700K  for  15min.  Pb- 
60wt%Sn  was  melted  and  reacted  with  PbTe  at  jointing  to 
form  a  SnTe  layer  less  than  10pm  thick. 

Electrical  resistivity  p  and  Hall  coefficient  Rh  were 
measured  by  the  DC  method  with  high  speed  and  high 
resolution,  and  thermal  conductivity  k  was  by  Harman 
method[4],  Seebeck  coefficient  a  was  obtained  from  a 
slope  of  (thermo-electromotive  force,  ^-(temperature 
difference,  AT)  curve.  Resistance  rim  imder  AT  was  also 
measured  to  evaluate  maximum  power  .Pmax.  Pmax  of 
thermoelectric  material  can  be  calculated  from  the  following 
equation: 

Pmax  —  1/4  XPo2/  rim  (1) 

A  specimen  of  the  jointed  material  for  Pmax  evaluation  is 
shown  in  Fig.l.  Thermoelectric  properties  of  PbTe  are 
easy  to  change  by  thermal  history  of  more  than  700K[5], 
In  this  study,  the  measurements  were  between  300K  and 
700K. 

Results  and  Discussions 

Thermoelectric  properties  of  the  as-solidified  PbTe 
ingots  at  room  temperature  are  shown  in  Table  1 .  Ingot(H) 
has  20  times  higher  we  than  Ingot(L).  p  and  a  of  Ingot(H) 
are  even  lower  than  those  of  Ingot(L),  and  k  of  Ingot(H)  is 
higher  than  that  of  Ingot(L).'  As  a  result,  the  ingot  with 
lower  «e  results  in  higher  Z  at  room  temperature. 

Temperature  dependences  of  p  and  a  of  the  as- 
solidified  PbTe  ingots  are  shown  in  Fig.2  and  Fig.3, 
respectively.  Ingot(H)  has  even  lower  p  and  a  than 
Ingot(L)  in  the  temperature  range  from  300K  to  700K. 
The  variation  of  p  of  Ingot(L)  is  gentler  at  more  than  600K, 


and  also  a  has  a  maximum  at  620K.  This  tendency 
suggests  that  Ingot(L)  is  close  to  the  intrinsic  region  at 
700K. 

Temperature  dependence  of  power  factor  otlp  of  the 
as-solidified  PbTe  ingots  is  shown  in  Fig.4. 


Fig.2  Temperature  dependence  of  electrical  resistivity 
of  as-solidified  ingots 


Fig.3  Temperature  dependence  of  Seebeck  coefficient 
of  as-solidified  ingots 


387 


16th  International  Conference  on  Thermoelectrics  (1997) 


dtp  of  Ingot(L)  is  decreased  monotonously  with  increasing 
T,  while  that  of  Ingot(H)  is  increased  and  gives  a  maximum 
at  700K.  The  dip  curves  of  Ingot(L)  and  Ingot(H)  have 
an  intersection  at  500K.  Ingot(L)  has  higher  power 
generating  performance  below  500K,  and  Ingot(H)  has 
higher  one  above  500K.  It  is  expected  that  die  jointed 
material  of  Ingot(L)  and  Ingot(H)  gives  the  best 
performance  at  the  jointed  interface  temperature  71  of  500K. 

Figure  5  shows  maximum  power  Pmtx  of  the  as- 
solidified  ingots  and  the  jointed  material  of  two  ingots  as  a 
function  of  7h-7i,  A 7k.  7h  is  heated  side  temperature  and 
Tc  is  cooled  side  temperature.  In  the  case  of  the  jointed 
material,  the  heated  side  is  in  Ingot(H)  and  the  cooled  side  is 
in  Ingot(L),  as  shown  in  Fig.l.  Tc  was  kept  almost 
constant,  300K.  Ingot(L)  and  Ingot(H)  show  the  variations 
of  Pmax  as  expected  from  Fig.4.  Both  the  ingots  have  die 
same  slope  of  Pmax  curve  at  A7k=200K;  this  corresponds  to 
the  result  that  the  d/p  curves  of  Ingot(L)  and  Ingot(H)  have 
an  intersection  at  500K. 

The  jointed  material  reveals  higher  Pmax  than  Ingot(L) 
at  A7hc^250K.  It  is  demonstrated  that  the  segmentation 
with  graded  m  can  improve  power  generating  performance 
of  n-type  PbTe.  The  variation  of  71- Tc,  A71c,  as  a  function 
of  A7hc  is  shown  in  Fig.6.  A7ic  is  increased  to  150K  at 
A7k=250K;  71=4 5 OK  at  7h=550K.  Figure  4  explains  diat 
the  integrated  area  of  dip  curve  of  Ingot(L)  between  450K 
and  550K  is  almost  same  as  that  of  Ingot(H).  As  a  result, 
Pmax  of  the  jointed  material  agrees  with  that  of  Ingot(L)  at 
A7hc=250K. 

A  small  specimen  shown  in  Fig.l  generated  0.13W  at 
A7hc=400K  with  Pc=300K.  Originally,  n-type  PbTe  is 
used  in  the  temperature  range  from  400K  to  800K.  PbTe 
with  ne=l  X  1025/m3  has  a  maximum  dip  of  more  dian 
3.2mW/K2m  at  400K,  and  also  PbTe  with  «e=3  X  1025/m3 
has  a  maximum  of  more  than  2.5mW/K2m  at  600K.  When 
these  materials  with  ne=l  X  1025/m3  and  «e=3  X  1025/m3  are 
jointed,  approximately  two  times  higher  power  generating 
performance  than  this  study  can  be  obtained  at  A7k=400K 


with  7c=400K. 

From  the  above,  it  is  concluded  that  the  segmentation 
with  graded  ne  is  effective  to  improve  the  power  generating 
performance  of  n-type  PbTe. 


Fig.4  Temperature  dependence  of  power  factor 
of  as-solidified  ingots 


Fig.5  Maximum  power  of  as-solidified  ingots  and 
jointed  material  as  a  function  of  7k 7c 
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Abstract 

In  order  to  evaluate  the  thermoelectric  properties  and  power 
output  performance  of  a  gradient  TE  material  under  a  wide 
working  temperature  range,  a  large-temperature-span  apparatus 
has  been  developed.  However,  an  accurate  evaluation  is  not  so 
easy  to  put  into  practice  on  the  gradient  TE  material  because  a 
lot  of  difficulties  are  associated  with  the  heat  flow  controlling 
and  the  reducing  of  electrical  resistance  in  measurement  circuit. 

Present  work  is  a  practice  to  characterize  monolithic  and  seg¬ 
mented  thermoelectric  materials  by  the  new  developed  appara¬ 
tus  and  approach  the  method  to  evaluate  a  gradient  TE  material 
accurately  and  effectively.  This  work  was  carried  out  for 
evaluation  of  a  stacked  monolithic  (SiGe,  PbTe  and  Bi2Te3)  TE 
leg  and  a  segmented  thermoelectric  branch  (PbTe/Bi2Te3),  and 
we  take  the  aim  at  to  confirm  their  thermoelectromotive  force, 
electrical  resistance  and  temperature  distribution  both  for  the 
apparatus  and  for  specimen  stacks.  We  also  made  a  trial  of 
power  output  evaluation  using  an  electronic  load  and  explored 
some  technical  problems  in  the  evaluation  of  TE  materials 
under  a  large  temperature  span.  The  results  of  evaluation  on 
power  output  by  electronic  load  indicate  much  lower  value  than 
the  calculation  using  the  real  electrical  resistance  in  TE  materi¬ 
als.  We  discuss  some  problems  for  the  evaluation  of  stacked 
thermoelectric  materials  under  a  large  temperature  difference 
condition. 

Introduction 

Recent  years,  many  efforts  are  devoted  on  development  of  high 
efficient  thermoelectric  materials[l-3].  Most  of  them  are  ap¬ 
proached  on  the  enhancement  of  TE  figure  of  merit  through 
functionally  graded  structures.  An  important  point  of  the  FGM 
concept  may  be  summarized  as,  to  maximize  the  figure  of  merit 
for  monolithic  thermoelectric  materials  and  enhance  the  tem¬ 
perature  covering  range  through  a  gradient  structure.  The 
gradient  structure  in  a  broad  sense  can  be  considered  to  include 
a  segmented  stack  of  different  kind  of  thermoelectric  materials 
and  include  the  structure  which  composed  of  varied  doped 
concentrations.  In  any  case,  the  final  evaluation  of  materials  is 
an  important  work  whatever  the  structure  is. 

On  the  evaluation  of  functionally  graded  thermoelectric  materi¬ 
als,  some  theoretical  method  concerning  computerized  calcula¬ 
tion  are  reported [4,5].  However,  reports  on  the  evaluation  of 
FGM  type  of  thermoelectric  materials  by  a  practical  instrument 
are  limited.  The  reasons  may  be  in  the  practice  of  evaluation  on 


the  FGM  type  of  TE  materials  need  a  specific  apparatus  which 
can  provide  a  varied  temperature  condition,  and  some  technical 
problems  associated  with  the  instrument.  Beside  of  this,  the 
research  works  on  gradient  thermoelectric  materials  are  still 
under  developing,  only  few  high  quality  FGM  type  of  thermoe¬ 
lectric  materials  those  can  be  provide  as  a  standard  specimen. 

Here  we  report  the  evaluation  procedure  and  results  of  a 
stacked  monolithic  TE  leg  and  a  segmented  thermoelectric 
branch  by  using  a  new  developed  large-temperature-span  appa¬ 
ratus.  The  main  object  is  to  contribute  both  to  the  development 
of  FGM  processing  and  to  the  improvement  of  evaluation  tech¬ 
nique  through  the  feedback  of  data. 


Evaluation  apparatus 


Cooling  water 


Schematic  of  the  TE  evaluation  apparatus 

1 .  upper  heat  flow  meter  3.  Copper  electrode  • 

2.  lower  heat  flow  meter  4.  Cylindrical  heat  shield 

Fig.  1:  Schematic  of  the  large-temperature-span  apparatus  for  the 
evaluation  of  TE  materials  those  have  various  graded  changed  in 
composition  and  need  a  wide  temperature  condition. 
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Figure  1  shows  schematic  of  the  large-temperature-span  appara¬ 
tus  used  in  this  work.  This  apparatus  is  designed  for  evaluate  a 
specimen  in  a  dimension  range  of  10-20  mm  in  diameter  and 
5-30  mm  in  length  by  change  corresponding  probes  (heat  flow 
meters)  [6],  The  upper  and  lower  heat  flow  meter,  specimen  are 
fastened  on  a  base  block  with  a  disk  shape  holder  through  three 
alumina  rods.  The  fastening  force  on  the  specimen  is  about  3 
kgf/cm2.  The  lower  heat  flow  meter  is  electrical  insulated  to  the 
base  block  copper  rod  by  a  ALN  plate.  The  high  temperature 
end  of  specimen  is  heated  by  three  infrared  light  heater  and  the 
temperature  is  controlled  by  a  thermocouple  joined  to  a  molyb¬ 
denum  disk  plate  on  the  upper  heat  flow  meter.  Cold  end  of  the 
specimen  is  simply  cooled  by  a  copper  rod  which  is  stacked  on 
the  cooling  water  tank.  The  cylindrical  shield  serves  as  a  wall  to 
prevent  the  heat  loss  in  radius  direction,  and  alumina  particles 
filled  in  the  cylindrical  shield  is  to  expect  preventing  hear  trans¬ 
fer  by  radiation. 

Monolithic  materials  of  n-type  SiGe,  Pbte  and  Bi2Te3 
(5  X  5  X  30  mm)  are  stacked  between  two  heat  flow  meters  and 
joined  by  a  copper  plate  each  other.  The  copper  is  served  as  a 
connector  of  TE  material  and  a  terminal  of  measurement  for 
thermoelectomotive  force  and  electrical  resistance.  Tempera¬ 
ture  of  each  side  of  heat  flow  meter,  specimen,  and  cylindrical 
shields  are  measured  by  thermocouples,  respectively. 

The  segmented  TE  branch  is  composed  by  non-doped  p-type 
PbTe  and  Bi2(Te,Se)3,  the  design  in  size  is  10  mm  in  diameter 
and  composition  of  PbTe/Bi2Te3  are  not  optimized  [7].  The 
arrangement  of  segmented  specimen  is  showing  in  figure  2. 

All  evaluations  were  in  a  vacuumed  condition  of  about  0.003 
Torr  and  measurements  at  every  programmatic  temperature 
were  carried  out  after  the  specimen  stacks  become  stable  in 
temperature.  The  electrical  resistance  of  specimen  was  meas¬ 
ured  by  bring  a  source  of  5  volts  in  voltage  and  15  mA  in  cur¬ 
rent.  During  the  measurement  of  electrical  resistance,  direction 
of  current  and  time  of  source  brought  to  the  specimen  were 
controlled  to  reduce  the  Peltier  effect.  Power  output  was  meas¬ 
ured  by  electronic  load  which  can  provide  a  minimum  load 
resistance  in  0.007  Q. 


Result  and  discussion 

Figure  3  shows  a  measurement  result  of  electrical  resistance  of 
the  monolithic  TE  in  the  3  stage  stacked  leg.  The  temperature 
axis  shows  the  programmatic  temperature  of  evaluation.  Each 
monolithic  TE  has  a  real  gradient  temperature  distribution.  A 
temperature  span  of  the  3  stage  leg  at  programmatic  80013  is 
showing  in  the  schematic  graph.  VALLM  is  the  total  resistance 
and  others  indicate  resistance  of  each  stage,  respectively. 


Fig.  3:  Temperature  dependence  of  the  electrical  resistance  of  3  stage 
stacked  monolithic  TE  leg.  RALLM  is  the  total  resistance  and  others 
indicate  resistance  of  each  stage,  respectively. 

The  total  resistance  decrease  fast  than  single  TE  material,  that 
can  be  considered  the  contact  resistance  between  materials  and 
copper  electrode  goes  down  with  the  temperature  rising. 

Figure  4  shows  a  temperature  dependence  of  the  Seebeck  volt¬ 
age  of  the  3  stage  stacked  monolithic  TE  leg.  The  temperature 
axis  at  here  expresses  a  average  vale  of  hot  end  and  cold  end  for 
each  stage.  VALLM  is  the  Seebeck  voltage  of  3  stage  stacked 
leg  that  was  measured  through  the  top  surface  of  SiGe  and 
bottom  surface  of  Bi2Te3.  The  Seebeck  voltage  of  Bi2Te3  de¬ 
crease  with  the  temperature  range  rising,  this  give  us  a  message 
that  the  temperature  range  for  the  Bi2Te3  seems  too  high. 


Fig.  2:  An  inner  view  of  the  arrangement  of  segmented  PbTe/Bi2Te3. 
The  stacks  of  specimen,  heat  flow  meters  and  alumina  rods  will  be 
wrapped  by  alumina  particles. 
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Fig.  4:  Temperature  dependence  of  the  Seebeck  voltage  of  the  3  stage 
stacked  monolithic  TE  leg.  The  temperature  here  express  a  average 
vale  of  hot  and  cold  end  for  each  stage. 


391 


16th  International  Conference  on  Thermoelectrics  (1997) 


In  the  evaluation  of  power  output  for  the  3  stage  stacked  leg, 
the  current  and  voltage  can  be  roughly  measured  by  the  elec¬ 
tronic  load  directly  in  spite  of  the  EL  load  can  only  express  a 
rough  value.  Figure  5  shows  the  measure  circuit  composed  of 
electronic  load  and  TE.  Rw  is  the  resistance  of  lead  wire  which 
was  much  higher  than  the  TE  element. 


Iel 


Rel:  Resistance  of  electronic  load; 
Rw:  Resistance  of  lead  wire 


Rte  :  Resistance  of  TE 

Iel:  Current  in  the  electronic  load 

Vel:  Voltage  in  the  electronic  load 

When  the  load  was  changed  from  the  minimum  value  of  the 
instrument  to  higher  range,  the  current  in  the  circuit  continually 
reduced.  The  resistance  of  lead  wire  in  our  apparatus  was  about 
0.134  Q,  it  is  about  three  times  higher  than  the  total  inner  resis¬ 
tance  of  the  3  stage  leg.  Therefor,  the  measured  current  can  not 
find  the  maximum  value.  The  result  of  the  load  resistance  de¬ 
pendence  of  current  is  shown  in  figure  6.  From  the  result,  we 
can  simply  estimate  the  maximum  of  current,  but  in  the  sense  of 
measurement  technique,  extremely  reduce  the  electrical  resis¬ 
tance  of  lead  wire  can  not  be  ignore. 
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Fig.  6:  Current  variation  in  the  3  stage  stacked  monolithic  TE  leg. 


Figure  7  shows  a  plot  curve  of  power  output  of  the  3  stage 
stacked  monolithic  TE  leg.  The  value  of  power  are  calculated 
by  current  and  voltage  measured  by  electronic  load.  Consider¬ 
ing  the  relation  of  load  and  inner  electrical  resistance,  the  peak 
of  power  output  can  express  the  real  performance  of  the  3  stage 
stacked  monolithic  TE  leg.  In  a  theoretical  calculation  of  maxi¬ 
mum  power  output, 


where  the  Vm  is  Seebeck  voltage,  Ro  is  internal  resistance.  In  this 
work,  the  calculated  using  above  formula  indicate  near  10 
times  of  the  measured  one. 


Resistance  of  electronic  load,  RQ 


Fig.  7:  Power  output  curve  of  the  3  stage  stacked  monolithic  TE  leg. 
The  plots  are  calculated  by  current  and  voltage  measured  by  electronic 
load. 

Figure  8  shows  the  results  of  temperature  drop  and  Seebeck 
voltage  of  the  segmented  branch.  Temperature  range  in  the 
branch  and  each  part  of  TE  indicate  a  reasonable  distribution. 
However,  when  the  temperature  higher  than  300 1C,  Seebeck 
voltage  goes  done  fast,  it  is  be  considered  that  the  PbTe  was 
non-doped,  the  figure  of  merit  is  exist  in  a  quite  low  temperature 
range,  that  may  caused  the  performance  down  at  a  high 
temperature  range. 


250  300  350  400  450 


Temperature,  77° C 

Fig.  8  Temperature  drop  and  Seebeck  voltage  of  the  segmented 
branch.  DTALL  express  the  temperature  drop  between  hot  and  cold 
ends. 
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The  measured  current  and  power  output  results  has  a  similar 
tradition  with  the  3  stage  stacked  monolithic  one,  that  means  the 
internal  electrical  resistance  is  too  small,  and  the  evaluation  of 
power  output  in  a  large  area  section  specimen  must  be  associ¬ 
ated  with  a  calculation. 

Conclusions 

Evaluation  on  monolithic  (SiGe,  Pbte  and  Bi2Te3)  and  seg¬ 
mented  (PbTe/Bi2Te3)  type  thermoelectric  materials  are  carried 
out  by  using  a  large-temperature-span  apparatus.  The  evalua¬ 
tion  of  thermoelectromotive  force,  electrical  resistance  and 
temperature  distribution  are  satisfied.  Power  output  evaluation 
using  an  electronic  load  can  be  accurately  carry  out  only  in  the 
case  of  lead  wire  has  a  electrical  resistance  which  much  lower 
than  the  TE  materials. 

The  evaluation  result  of  stacked  and  segmented  type  materials 
can  provide  a  lot  of  experiences  to  evaluate  FGM  type  TE,  and 
the  data  is  expected  to  improve  the  designing  and  processing  of 
thermoelectric  materials  in  FGM. 
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Abstract 

The  results  of  investigations  and  development  of 
catalytic  heat  sources  with  thermoelectric  energy  converters 
have  been  given.  The  efficiency  of  the  catalytic  oxidizers  are 
about  5^6%.  Heat  passed  through  thermobatteries  is  used  for 
heating,  electric  energy  is  used  where  necessary.  Structures 
and  characteristics  of  such  devices  with  heat  power  of 
l,2,3kW  have  been  given.  Fields  of  practical  applications 
have  been  analyzed. 

The  essence  of  the  problem 

Heat  release  during  catalytic  combustion  of  hydrocarbon 
fuels  is  widely  used  in  various  fields  of  heating  engineering 
[1],  From  the  fuel  oxidation  efficiency  point  of  view  very 
promising  are  device  where  the  combustion  process  is  made 
on  solid  catalysts. 

The  essential  advantage  of  the  catalytic  fuel  oxidation  is 
that  the  produced  heat  (about  80  %)  is  generated  in  the  form 
of  radiant  energy  [1]  with  wavelength  of  2-16  mcm  that  is 
easily  absorbed  by  the  most  of  materials  and  can  be  directed 
only  at  objects  that  need  heating.  Fuel  combustion  on  the 
catalyst  is  performed  at  relatively  low  temperatures  (350- 
500°C)  that  allows  to  eliminate  the  formation  of  toxic 
nitrogen  oxides  and  finely  divided  carbon  that  is  inevitable  at 
flame  combustion  of  hydrocarbons. 

Depending  on  purposes  and  consumer's  qualities  of 
catalytic  heaters  their  structure  and  characteristics  may  vary 
widely.  Among  such  types  of  devices  we  set  aside  burners 
which  use  separate  fuel  and  air  supple  to  the  combustion 
zone.  Such  burners  do  not  need  special  equipment  for  fuel-air 
mixture  formation,  operate  independently,  reliable  and  almost 
fire-proof.  The  positive  is  also  lack  of  requirements  to 
criticality  of  fiiel-air  mixture  that  means  that  changes  in 
systems  of  air  and  fuel  supply  slightly  effected  on  the 
combustion  process. 

The  listed  peculiarities  enable  to  use  effectively  such 
heat  sources  both  independently  and  as  a  part  of 
thermoelectrogenerators  of  different  power  and  purpose. 

Institute  of  Thermoelectricity  has  conducted  scientific 
work  in  this  direction  during  several  years.  The  use  of  the 
works  results  [2-4]  made  it  possible  to  elaborate  and  develop 
a  number  of  such  devices  on  gaseous  fuel.  Schematic 
structure  of  such  catalytic  furnaces  and  generators  with  their 
characteristics  are  given  in  Fig.  1-4,  Table  1. 

The  presented  devices  used  the  elaborates  catalysts 
based  on  oxides  of  variable  valence  metals  such  as  iron, 
cobalt,  chromium,  nickel.  For  activity  increase  catalysts  are 
promoted  with  small  adding  of  palladium  or  platinum.  For 
carrier  a  fiber  silicium  oxide  with  the  following 
characteristics:  fiber  diameter  is  5-7  mcm,  d  =  0.1  g/cm3, 


moisture  capacity  of  the  carrier  is  9.8  ml/g,  coefficient  of 
thermal  conduction  is  0.055  kKal/m.h.°C  at  160°C  and  0.12 
at  460°C  was  used.  Method  of  such  type  catalyst  preparation 
was  previously  described  in  [5,6]. 

Conversion  degree  of  gaseous  hydrocarbons  on  the 
elaborated  catalysts  reaches  100%.  It  should  be  noted  that 
almost  all  oxidation  catalysts  have  definite  rate  range  of  fuel 
supply  at  which  conversion  degree  is  maximum  at  operating 
temperatures.  For  the  developed  catalysts  fuel  supply  rate 
must  be  within  0.15-0.35  g/cm2  under  natural  air  supply 
Fig.  1 .  Fig.  1  shows  that  one  can  increase  fuel  consumption 


Fig.  1.  Dependence  of  conversion  degree  (a)  of  catalysts  on 
specific  fuel  consumption  under  the  natural  (1,  2)  and 
forced  (3)  air  supply. 

1  is  oxide  catalysts;  2  is  oxide  promoted  catalysts;  3  is 
oxide  promoted  catalysts  under  the  forced  air  supply. 

and  so  the  catalyst  thermal  power  by  the  use  of  forced  air 
supply  to  the  reaction  zone.  Mass  transfer  processes  on  the 
catalyst  surface  are  intensified  and  as  a  result  burning  is 
enhanced. 

The  availability  of  the  upper  limit  at  fuel  consumption 
increase  depends  on  some  factors.  On  the  one  side,  even  at 
sufficient  temperature  of  the  burner  and  air  excess  the  fuel 
conversion  degree  may  be  limited  by  chemical  activity  of  the 
catalyst  that  in  its  turn  is  determined  by  the  carrier  structure, 
nature  and  concentration  of  active  components,  availability  of 
chemical  interaction  between  them  and  so  on  [3],  On  the 
other  side,  the  way  of  fuel  and  air  supply  to  the  reaction  zone 
has  essential  effects  on  a.  In  this  case  air  access  to  the 
catalyst  layer  depth  is  controlled  by  the  rate  of  fuel  gas 
counter  rate  which  increase  decreased  the  depth  of  air  access, 
and  by  temperature  which  increase  gives  the  opposite  effect. 
Mutual  effect  of  these  factors  defines  the  location  of  the 
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combustion  zone  where  the  reaction  rate  is  maximum  at  the 
fuel-air  optimal  relation. 

Structurally  a  catalytic  furnace  (Fig.  2)  consists  of  a 
catalyst  (1)  placed  into  a  metal  case  (8).  Just  under  the 
catalyst  a  porous  distributor  is  placed  through  which  a  fuel 
gas  is  fed  uniformly  on  the  whole  surface  of  the  catalyst. 


Fig.  2.  Diagram  of  the  catalytic  furnace  with  flame  start.  1  is 
a  catalyst,  2  is  distributor,  3  is  perforated  case,  4  is  a 
thermocouple,  5  is  starting  fuse,  6  is  input  valve;  7  is 
magnetic  valve;  8  is  the  burner  case;  9  is  reinforcing  fabric. 

In  the  lower  part  of  the  catalyst  a  flame  a  small  power 
starting  fuse  (5)  is  placed.  A  thermocouple  (4)  is  placed  in  the 
flame  of  the  fuse,  an  electromagnetic  valve  (7)  is  connected  to 
the  thermocouple.  Gas  fuel  is  supplied  to  the  catalyst  through 
the  valve  (6).  On  the  outer  side  the  catalyst  is  protected  by 
reinforcing  fabric  (9)  from  heat  resistant  metal. 

With  the  aim  of  the  catalytic  power  increase  with  the 
same  catalyst  area  we  have  developed  a  structure  with  forced 
air  supply  to  the  reaction  zone  (Fig.3).  The  air  is  supplied  on 
the  catalyst  by  a  low-power  fan  (4)  placed  in  the  lower  part  of 
the  thermogenerator  (3).A  special  thermobattery  Altec-1010 
developed  by  "Altec"  company  is  used  in  the  generator. 
Along  with  high  efficiency  the  battery  is  characterized  by  the 
improved  reliability  and  service  life  due  to  optimized 
thermoelectric  material  with  high  stability,  by  efficient  anti- 
diffusion  layer,  commutation  ensuring  temperature 


compensation.  The  battery  is  enclosed  into  sealed  filled  with 
inert  gas  case  made  from  special  stainless  steel.  The 
generator  is  placed  in  such  was  that  cold  heat  exchanger  is  in 
the  air  flow  generated  by  the  fan.  Electric  power  of  the  fan  is 
1. 8-2.0  W  that  is  sufficient  to  burning  process  intensification 
on  the  catalyst  areas  of  500-800cm2.  Thermal  capacity  of  the 
catalyst  may  be  increased  under  definite  conditions  by  25- 
30%.  The  availability  of  fan  makes  it  possible  to  improve 
convective  heat  exchange  between  radiating  surface  of  the 
catalyst  and  environment.  And  the  period  of  a  unit  of  volume 
of  a  room  is  considerable  reduced. 


Fig.3.  Diagram  of  the  catalytic  furnace  with  low-power 
thermoelectrogenerator.  1  is  a  catalyst;  2  is  a  case;  3  is  a 
thermogenerator;  4  is  electric  fan;  5  is  gas  valve;  6  is 
magnetic  valve;  7  is  a  thermocouple. 

More  universal  is  a  catalytic  furnace  with  large  power 
thermoelectric  generator.  Heat  passed  through 
thermobatteries  is  used  for  heating,  electric  energy  may  be 
used  for  different  consumers  fed,  for  instance  for 
illumination,  domestic  and  special  radio  equipment,  signal 
devices  supply  and  so  on. 

Diagram  of  such  thermogenerator  with  catalytic  heat 
source  is  given  in  Fig.  4.  In  the  present  variant  a  double-side 
catalytic  burner  (1)  was  used,  that  permitted  to  reduce  heat 
losses  from  nonoperating  surface  and  by  that  manner  to 
improve  its  thermal  characteristics.  Start  of  the  catalytic 
furnace  is  performed  by  electric  heaters  (lO).Operating  time 
of  the  heaters  is  3-5  min  that  is  sufficient  for  the  catalyst 
starting.  Accumulator  of  proper  power  which  is  charged 
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during  the  thermogenerator  operating  time  is  used  fro  heaters 
supply. 

The  thermogenerator  consists  of  cold  (6)  and  hot  (7) 
heat  exchangers  from  aluminum  between  which  standard 
batteries  "Altec-1010"  are  placed.  Two  fans  are  placed  in  the 
center  of  cool  heat  exchangers  outer  plates.  Cooling  air  is 
sucked  through  all  side  surfaces  of  heat  exchangers  and  then 
the  warm  is  rejected  into  the  environment.  Heat  of  the  fuel 
combusted  products  is  also  used  for  rooms  heating  by  means 


products  of  combustion: 


Fig.4.  Diagram  of  the  catalytic  furnace  with  thermoelectro¬ 
generator.  1  is  a  catalytic  burner;  2  is  hot  heat  exchanger;  3 
is  thermoelectric  batteries,  4  is  a  fan,  5  is  a  thermocouple,  6  is 
cold  heat  exchanger,  7  is  gas  valve;  8  is  magnetic  valve;  9  is 
accumulator;  10  is  control  unit  for  start  and  operation  of  the 
generator;  11  are  electric  starters;  12  is  thermal  insulation. 

of  air  heat  exchangers  system  placed  on  the  chimney.  In  the 
case  of  the  catalyst  with  100%  conversion  degree  use  the 
chimney  is  unnecessary  and  the  whole  heat  can  be  used  for 
rooms  and  other  objects  heating. 
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Thus,  catalytic  furnaces  with  thermoelectric  generators 
may  be  considered  as  one  of  the  promising  variants  of  the 
combined  heat  sources  and  electric  energy.  The  expediency  of 
such  devices  use  is  defined  by  their  competitiveness  in 
comparison  with  other  sources  as  applied  to  particular  fields 
of  use.  Autonomous  catalytic  furnaces  with  thermogenerators 
may  be  successfully  used  for  heat  and  electric  energy 
provision  small  houses,  cottages  ware-houses,  hangars  and  so 
on.  It  counts  in  favor  of  their  use  that  in  most  cases  for  a 
consumer  is  important  not  high  efficiency  but  long  service 
life,  self-sufficiency,  ecological  purity. 


Table  1.  Characteristics  of  catalytic  furnaces  with 
thermogenerators  (fuel  is  propane-butane) 


Characteristics 

Catalytic 

furnace 

Catalytic  furnace  with 
TEG 

HK-1 

HK-2 

HKT-1 

T3T-2 

T3T-2 

Thermal 
power,  W 

1000 

3000 

2000 

950 

2000 

Electric 
power,  W 

- 

- 

2 

30 

60 

Service  life  of 
the  catalyst,  h 

11000 

15000 

11000 

15000 

15000 

Temperature 
of  the 

catalyst,  °C 

350- 

400 

400- 

420 

420- 

450 

400- 

420 

400- 

420 

Fuel  consum¬ 
ption  ,  g/h 

85 

250 

170 

85 

170 

Weight 
without  fuel, 
kg 

4.0 

5.0 

5.5 

10.5 

12.7 

Overall 
dimensions, 
mm,  not 
more  than 

length 

335 

385 

385 

310 

310 

width 

140 

145 

180 

220 

240 

height 

335 

370 

370 

370 

390 
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Abstract 

The  possibilities  of  optimal  control  theory  use  for 
coolers  simulation  under  the  conditions  of  combination 
optimal  legs  inhomogeneity  with  optimally  magnetic  field 
nonuniformity  are  investigated  in  present  paper.  The  essential 
improvement  of  low-temperature  cooling  performances  are 
demonstrated  in  this  case. 

The  essence  of  the  problem 

At  present  one  of  the  prospective  approaches  of 
thermoelectric  cooling  efficiency  increase  is  the  transition 
from  a  classic  model  of  a  thermoelectric  battery,  where  legs 
are  made  of  homogeneous  materials  to  batteries,  where  legs 
are  made  of  materials  properties  of  which  are  coordinates 
functions.  A  vast  number  of  investigations  on  the 
development  and  use  of  such  inhomogeneous  materials  in 
cooling  batteries  are  conducting  in  Ukraine  in  the  Institute  of 
Thermoelectricity.  Based  on  mathematical  methods  of 
optimal  control  it  was  created  a  theory  of  computer 
simulation  of  the  materials  with  predicted  inhomogeneity  [1- 
4],  The  elaborated  computer  programs  enable  to  determine 
inhomogeneity  optimal  functions  of  material  properties  and 
automatically  use  them  for  high  quality  cooling  batteries 
designing.  This  have  made  possible  to  determine  optimal 
functions  of  the  magnetic  field  strength  use  of  which  is  rather 
rational  in  the  low  temperature  range  for  thermoelements 
efficiency  increase.  As  is  known  at  temperatures  80-160K  the 
magnetic  field  leads  to  thermoelectric  figure  of  merit  increase 
by  a  factor  of  two-three  of  the  alloy  consisted  from  88%/?/ 
and  12%S7>  and  having  electron  type  of  conduction  [5],  It  is 
shown  in  [6]  that  the  use  for  this  material  optimal  functions 
of  the  magnetic  field  strength  gives  maximum  temperature 
difference  increase  by  a  factor  of  1.2  and  coefficient  of 
performance  increase  by  a  factor  of  1.5  within  one  stage  of 
the  Peltier  cooler  in  comparison  with  that  of  uniform  field. 
The  same  method  of  low-temperature  thermoelectric  cooling 
efficiency  increase  was  generalized  in  [7,8]  for  stage  Peltier 
coolers  that  led  to  optimal  functions  determination  of  the 
magnetic  field  nonuniformity  with  taking  into  consideration 
of  stages  matching.  These  functions  use  allows  additionally  to 
increase  maximum  coefficient  of  performance  of  stage  coolers 
in  which  Bi9aSb,2  is  used  as  n-type  material.  At  temperature 
differences  60-70  degrees  the  gain  in  coefficient  of 
performance  reaches  75%  in  comparison  with  uniform 
version. 

But  in  this  problem  solution  two  possibilities  of  low- 
temperature  cooling  energetic  efficiency  improvement  were 
not  used  because  of  its  severity.  The  first  one  is  connected 
with  figure  of  merit  dependence  of  n-type  material  based  on 


Bi-Sb  not  only  on  the  magnetic  field  strength  and  temperature 
but  also  on  percentage  content  of  Sb.  It  follows  from  the 
experimental  data  given  in  Fig.l  that  have  been  kindly 
submitted  for  study  by  Prof.  Ivanov  A.G.  that  maximum  of 
this  material  figure  of  merit  is  shifted  over  the  temperature 
scale  in  response  to  the  magnetic  field  strength  and  Sb 
composition.  So  combination  of  optimal  function  of  the  field 
nonuniformity  and  optimal  consumption  of  n-type  material 
must  produce  additional  increase  of  low-temperature  cooling 
coefficient  of  performance. 


Figure  1:  Figure  of  merit  dependence  of  n-type  material  based 
on  Bi-Sb  on  temperature  for  different  compositions  and 
strength  of  the  magnetic  field  B. 


The  second  possibility  relates  to  improvement  of  //-type 
material  properties.  As  is  known  one  failed  to  get  hole 
material  with  properties  dependence  on  the  magnetic  field.  So 
in  [7,8]  when  designing  low-temperature  coolers  material 
based  on  Bi-Te,  homogeneous  in  composition,  was  used  for  p- 
legs  of  thermoelements.  But  [9]  shows  that  the  use  of  optimal 
functions  of  impurity  concentration  distribution  in  materials 
based  on  Bi-Te  leads  to  coefficient  of  performance  increase  by 
a  factor  of  1.6-2.5  in  comparison  with  the  homogeneous 
material.  That  is  why  one  may  expect  additional  increase  of 
cooling  efficiency  due  to  the  use  of  optimally  inhomogeneous 
materials  of  //-type  in  low-temperature  batteries. 
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In  the  present  work  we  will  try  to  use  both  possibilities 
and  study  new  more  efficient  variant  of  problem  of  the 
optimal  control  by  low-temperature  cooling.  It  reduces  to  the 
agreed  effect  of  two  factors  on  the  thermoelectric  material: 
combination  of  optimal  composition  and  optimal  function  of 
the  magnetic  field  for  n-leg  of  a  thermoelement  from  Bi-Sb 
and  optimal  inhomogeneity  of  p-type  material  based  on  Bi-Te 


Problem  solution 

A  physical  model  for  construction  of  the  magnetic  field 
optimal  function  computer  design  in  combination  with 
thermoelectric  material  inhomogeneity  is  presented  in  Fig.2. 


1  I  I  B(x)  1  1  I 


Qh 


— 

K 

— 

0  x,  > 

i2  X 

k-t  : 

xk  > 

Figure  2:  A  diagram  of  A'-stage  thermoelectric  cooler. 


The  controlled  object  is  A-stage  Peltier  cooler.  The  magnetic 
field  with  intensity  B  which  can  be  the  x  coordinate  function 
is  established  in  thermoelement  legs  perpendicular  to  the 
current  direction.  Material  properties  of  /’-legs:  thermo-emf 
a,  electric  conduction  a,  thermal  conduction  k  change  with 
coordinate  x  because  of  their  dependence  on  temperature  and 
material  inhomogeneity  that  characterized  by  charge  carrier 
or  doping  impurity  concentration.  A-type  material  properties 
depend  on  temperature,  composition  and  magnetic  fields 
strength.  Such  assumption  is  justified  because  p-leg  is  made 
of  material  based  on  Bi-Te  characteristics  of  which  are 
weakly  depend  on  the  magnetic  field,  «-leg  is  made  from  the 
material  based  on  Bi-Sb  characteristics  of  which  are  strongly 
depend  on  the  field. 

The  aim  of  control  is  the  determination  of  p-material 
inhomogeneity  optimal  function,  optimal  composition  and 
magnetic  field  strength  function  for  n-type  material,  and 
optimal  ratio  of  stage  electric  parameters  that  ensure  the  best 
coefficient  of  performance. 

The  initial  data  for  the  optimal  control  include  cooling 
power  Q0,  cooling  temperature  T0,  heat  releasing  surface 
temperature  7*.The  model  takes  into  account  contact 
resistance  r0,  interstage  temperature  differences  5T  and  heat 
exchange  with  environment  at  the  heat  exchange  coefficient 
ar¬ 


ks  limitations  for  control  theoretical  and  experimental 
dependences  ap,  ap,  kp  on  temperature  and  value  that 
characterizes  the  material  inhomogeneity,  and  a„,  cr„,  k„  on 
temperature,  composition  and  magnetic  field  strength  must  be 
also  specified. 

Thus  the  problem  covers  adequately  all  required 
characteristics  of  the  material,  cooler  and  operating 
conditions. 

Initial  set  systems  describing  thermal  and  electric 
processes  in  thermoelement  legs  and  considering  heat 
transfer  due  to  thermal  conduction,  the  Joule  heat  release, 
three-dimensional  Peltier  heat,  is  given  by  expressions: 


dT_ 

dx 

dq_ 

dx 


a2‘k  T  !  aik 

K  K 


<■. 1 


k  = 


1  ,-N 


(1) 


Here  an  =  an(T,n,B{x)) ;  <r„  =  a  n(T  ,n,B{x)) ; 

k„  =ic„(T,n,B(x))  ;  where  n  is  the  value  characterizing  the 
material  composition,  B(x)  is  the  magnetic  field  function, 
=  ccp(c{x),T)  ■  <7P  =  ctp(C(x),t)  ;  k„  =Kp(C{x)j)- 

here  C(x)  is  the  function  of  p-type  material  inhomogeneity. 
This  may  be  current  carrier  concentration  in  a  semiconductor, 
doping  impurity  concentration  or  other  value  characterizing 
inhomogeneity  of  a  thermoelectric  structure  along  the  height 
of  a  thermoelement  leg. 

The  boundary  conditions  of  these  expressions  are 
written  as  the  equality  of  temperatures  between  stages  with 
account  of  interstages  temperature  losses  and  have  the  form: 


T„(  0+)  =  T,<! 0+)  =  Th ,  T„(xn-)  =  Tp(xn')  =  Tc 

T„(xk+)  =  Tp(xk+),  Tn(xk~)  =  Tp(xk-),  (2) 

Uxk+)  =  T„(xk-)  +  ST, 

with  points  xk,  k=\,...N location  unfixed. 

It  is  necessary  to  determine  such  conditions  when  the 
coefficient  of  performance  reaches  its  maximum  at  the  given 
cooling  value. 

Such  problem  was  solved  by  means  of  a  special 
computer  program  creation  base  on  the  use  of  mathematical 
theory  of  optimal  control  by  Pontryagin  [10],  In  accordance  to 
this  theory  the  problem  reduces  to  the  study  of  functional  J 
minimum  which  corresponds  to  maximum  of  the  coefficient 
of  performance  and  has  the  form 

J  =  YJ(]ncl\  “In?*)-  (3) 

k=\ 


Here  specific  heat  fluxes  at  junctions  are  determined  by  the 
expression 


Qo 


=Z 


n,p  L 


a7 


q(xk )  + Vo  +—(Th  - T(xk )) 
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They  depend  on  the  controlled  parameters  of  current  density 
inp ,  n-type  material  composition  n,  inhomogeneity  functions 
of  the  magnetic  field  B(x)  and  /?-type  material  C(x).  Starting 
approximations  of  these  controls  are  fed  into  the  computer 
program.  The  Pontryagin's  method  reduces  to  the 
determination  of  optimal  expressions  by  means  of  J 
functional  calculation  for  different  values  i„iP ,  n  and  functions 
B(x),  C(x)  different  from  the  given  starting  ones.  Purposeful 
search  for  such  controls  is  carried  out  on  the  following 
conditions: 

1.  Current  density  in  stages  must  satisfy  the  equalities 


dJ 


Xl  cHk(<p,T,q,ik,ik) 


di 


:k 

n,p 


J 


di 


**-i 


;k 

n.P 


^dx  =  0 


where  the  Humilton  function  if  has  the  form 

Hk  =  £>,/,* +^2/2*) 


n.P 


(5) 

(6) 


[f\  Ji)np  ^  the  right  Parts  of  (0.  <P  =  {<P  1^2)  „iP  is 
pulses  vector  [10]. 

2.  Optimal  composition  of  n-type  material  must  satisfy  the 
equation 


|  dHk(<p,T,q,ik^n)  ^  ^ 


dn 


*k- 1 


3.  Points  coordinates  of  a  joint  xk  satisfy  the  equalities 
Hk  ( x l )  =  Hk+'  (xt),k  =  l,...N-l 


(7) 

(8) 


4.  Optimal  functions  of  the  magnetic  field  B(x)  strength  and 
p-type  material  inhomogeneity  C(x)  satisfy  the  conditions 

Hk  (<p(x),T(x),q(x),B(x)J,n)  = 

(9) 

=  max  Hk (<p(x),T(x),q(x),B,j,n) 

BgGb 


Hp(Kx)’T(x),q(x),C(x),j  )  = 

=  max  Hk  (j(x),T(x),q(x),C,j ). 
r 


Based  on  equations  (1)-(10)  the  program  for  low-temperature 
Peltier  coolers  designing  under  optimal  legs  inhomogeneity  at 
optimal  magnetic  field  has  been  elaborated.  The  designing 
result  of  this  program  is  determination  of  optimal  agreed 
functions  of  the  magnetic  field  and  the  material 
inhomogeneities  in  each  stage  and  their  use  for  calculation  of 
magneto-thermoelectric  Peltier  coolers  with  the  best 
characteristics. 


Discussion  of  results 

Calculations  for  low-temperature  coolers  optimized  for 
temperature  values  in  the  range  of  130-90K  at  7i=160K  were 
done  by  the  computer  designing  methods.  Experimental 
dependences  of  Bi-Sb  n-type  material  properties  on 
temperature,  percentage  composition  of  Sb  and  the  magnetic 
field  strength  that  result  to  material  figure  of  merit 
dependences  shown  in  Fig.  1  have  been  used  for  calculations. 


Experimental  dependences  a,  a,  k  on  temperature  for 
different  starting  electric  conductivity  <7°  (measured  at 

300K)  proportional  to  charge  carrier  concentration  and 
characterizes  the  material  inhomogeneity  have  been  used  for 
p-type  material  based  on  Bi-Te.  These  dependences  were 
taken  from  [11]. 

The  results  of  the  optimal  control  problem  solution  are 
given  in  Fig.3,  4.  Each  variant  of  cooler  corresponds  to  its 
own  variant  of  material  optimal  inhomogeneity  combination 
with  composition  and  nonuniformity  of  n-material  magnetic 
field. 

Fig.3  gives  the  examples  of  optimal  functions  of 


ic-102  CflO4  a  lO'2 


n  B 


Figure  3:  Optimal  functions  of  material  inhomogeneity  <7°, 

magnetic  field  B ,  composition  n  and  the  corresponding 
dependences  of  the  material  parameters  for  a  3 -stage  cooler. 
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inhomogeneities  and  the  corresponding  dependences  of 
thermoelectric  material  characteristics  received  by  the 
computer  designing  method  for  a  three-stage  cooler  at  the 
temperature  difference  40K. 

Fig.4  demonstrated  the  effect  of  such  functions  on  the 
energy  efficiency  of  cooling.  Here  two  dependences  are  given 
for  comparison.  Dependence  1  was  received  previously  in  the 
work  [8]  and  it  shows  the  increase  of  the  stage  coolers 
coefficient  of  performance  with  the  use  of  only  an  optimal 
function  of  the  magnetic  field  strength  nonuniformity  in 
comparison  with  the  best  uniform  variant.  In  that  case  n- 
material  composition  was  the  same  for  all  stages  with  \2°/oSb 
content,  legs  of  p- type  were  of  homogeneous  material. 


Figure  4:  The  coefficient  of  performance  increase  with  the 
use  of  optimal  functions  sF  in  comparison  with  £o  for 
optimally  homogeneous  variant  in  coolers  with  different 
temperature  difference.  1  -  with  consideration  of  optimal 
nonuniformity  of  the  magnetic  field;  2  -  with  consideration  of 
optimal  inhomogeneity  of  the  material  and  the  magnetic  field 
nonuniformity. 

Dependence  2  demonstrates  the  increase  of  the 
coefficient  of  performance  caused  by  the  agreed  effect  on  the 
thermoelectric  material  of  two  functions,  there  are  optimal 
inhomogeneity  of  p- type  legs  and  optimal  nonuniformity  of 
the  magnetic  field  in  conjunction  with  optimal  composition 
for  w-type  legs.  As  one  can  see  the  coefficient  of  performance 
with  accounting  for  these  effects  can  be  increases  by  a  factor 
of  2-2.5  in  comparison  with  the  variant  of  the  optimally 
uniform  magnetic  field  use  and  legs  from  optimally 
homogeneous  materials  for  all  stages.  The  comparison  of  1 


and  2  dependences  shows  that  the  coefficient  of  performance 
of  low-temperature  coolers  due  to  simultaneous  effect  on  the 
material  of  these  two  functions  increases  additionally  by  a 
factor  of  1.5-2.  It  is  veiy  essential  for  low-temperature 
cooling. 

References 

[1]  Anatychuk  L.I.,  Semenjuk  V.A,  Optimal  control  by  the 
Thermoelectric  Material  and  Devices  Properties. 
Chemivtsi,  Prut,  1992,  264  p. 

[2]  Anatychuk  L.I.,  Vikhor  L.N.,  Kuznetsov  A.V., 
Letiuchenko  S.D.  Functional-Gradient  Materials  for 
Thermoelectric  Energy  Converters,  in  Proceedings  of 
the  XIV  International  Conference  on  Thermoelectrics, 
St-Petersburg,  Russia,  June  27-30,  1995,  p.7-9. 

[3]  Anatychuk  L.I.,  Vikhor  L.N.  Computer  design  of 
thermoelectric  functionally  graded  materials,  in 
Proceedings  of  the  Fourth  International  Symposium  on 
FGM,  Tsukuba,  Japan,  Oct.  21-24,  1996. 

[4]  Vikhor  L.N.  Optimal  functions  as  a  new  step  of  the 
thermoelectricity  development,  J.  of  Thermoelectricity, 
N4,  1996,  p.29-37. 

[5]  Ure  Roland  W.G.  Theory  of  materials  for  thermoelectric 
and  thermomagnetic  devices,  Proc.IEEE,  1963,  v.51, 
N5,  p.699-713. 

[6]  Anatychuk  L.I.,  Vikhor  L.N.  Ivanov  G.A.  The  Optimal 
Control  Theory  for  Thermoelectric  Copier  Design,  in 
Proceedings  of  the  Twelfth  International  Conference  on 
Thermoelectrics,  Japan,  Nov.,  p.412-415. 

[7]  Anatychuk  L.I.,  Vikhor  L.N.  Study  on  Cooler  Design  in 
Magnetic  Field  for  Low  Temperature  Cascades,  in 
Proceedings  of  the  XIII  International  Conference  on 
Thermoelectrics,  Cansas,  Aug.,  1994. 

[8]  Anatychuk  L.I.,  Vikhor  L.N.  Optimal  functions  of 
magnetic  field  for  the  Peltier  coolers,  in  Proceedings  of 
the  XIV  International  Conference  on  Thermoelectrics, 
St-Petersburg,  Russia,  June  27-30,  1995,  p.461-463. 

[9]  L.I.Anatychuk,  O.J.Luste,  L.N.Vikhor.  Optimal 
Functions  as  an  Effective  Method  for  Thermoelectric 
Devices  Design,  in  Proceedings  of  the  15  International 
Conference  on  Thermoelectrics,  Pasadena,  C A  USA, 
March  26-29,  1996,  p.223-226. 

[10]  Pontryagin  L.S.,  Boltyansky  V.G.,  Gamkrelidse  R.V., 
Mischenko  E.F.  Mathematical  Theory  of  Optimal 
Processes,  Nauka,  1976,  p.392. 

[11]  Vayner  A.L.  Thermoelectric  Coolers,  Moscow,  1983, 
p.176. 


400 


16th  International  Conference  on  Thermoelectrics  (1997) 


Thermoelectric  tensor  and  figure  of  merit  for  a  composite  medium:  some  exact  bounds 


David  J.  Bergman 

School  of  Physics  and  Astronomy,  Raymond  and  Beverly  Sackler  Faculty  of  Exact  Sciences 
Tel  Aviv  University,  Tel  Aviv  69978  Israel 


Abstract 

Thermoelectric  transport  in  a  macroscopically  hetero¬ 
geneous  or  composite  medium  is  considered  for  the  most 
general  case  of  n  anisotropic  components  mixed  together 
with  an  arbitrary  microstructure  (i.e.,  not  necessarily  dis¬ 
ordered  or  isotropic  or  cubic,  so  that  the  macroscopic  be¬ 
havior  can  be  anisotropic  too).  A  figure-of-merit-tensor 
(FMT)  is  defined  that  generalizes  the  usual  scalar  fig¬ 
ure  of  merit.  Some  general  bounds  are  derived  for  the 
bulk  effective  electrical  conductivity  and  heat  conduc¬ 
tivity  tensors,  and  also  for  the  FMT.  In  particular,  it 
is  proven  that  the  figure  of  merit  of  any  composite  can 
never  be  greater  than  the  largest  figure  of  merit  of  any 
of  its  components. 


Thermoelectricity  is  a  particularly  important  example 
of  a  transport  phenomenon  involving  coupled,  curl  free 
vector  fields,  and  conserved  (i.e.,  divergence  free)  fluxes. 
A  succinct  form  for  the  equations  that  describe  this  phe¬ 
nomenon  follows  [1]: 

J  =  QE,  (1) 


(  Wi  \  /  eV<A  V 

V  Vfc  J-\  kBVT  )  ' 


V  x  Ei  =  V  x  E2  =  0; 


( 


-J  E/e  V 

-J s/kB  J  ’ 


V  •  Ji  =  V  •  J2  =  0; 


(2) 

(3) 


(  Qu  Q12  \  —  (  °le2  va/ekB  A 
V  Q\2  O22  J  V  a°/ekB  7 /k%T  J  ' 


(4) 


Here  is  the  electric  charge  flux,  Js  is  the  entropy  flux, 
(j)  is  the  electric  potential,  T  is  the  local  temperature,  a  is 
the  electrical  conductivity  tensor  at  uniform  T,  7  is  the 
heat  conductivity  tensor  at  uniform  (j),  a  is  the  tensor 
of  thermoelectric  coefficients  or  absolute  thermopower, 
i.e.,  when  the  electric  charge  flux  vanishes  J#  =  0,  then 
the  relation  between  electric  field  —V(j)  and  temperature 
gradient  VT  is 


— V</>  =  dVT, 


(5) 


e  is  the  atomic  unit  of  electric  charge,  and  ks  is  Boltz¬ 
mann’s  constant.  Note  that  these  definitions  imply  that 
ijj  has  units  of  energy,  while  J  has  units  of  particle  flux. 

Restricting  ourselves  in  this  and  in  the  following  para¬ 
graph  to  isotropic  media,  where  <7,  7,  a  are  all  scalar 
tensors,  the  thermoelectric  figures  of  merit  ZT  and  A 
are  defined  by  [2,1] 


0l2_  =  A 
det  Q  1  —  A  ’ 


where 

_  Too?  =  Qh  =  ZT 
7  Q11Q22  ZT  + 1 


(6) 

(7) 


From  the  requirement,  due  to  the  second  law  of  thermo¬ 
dynamics  and  to  invariance  under  time  reversal,  that  Q 
be  a  real,  non-negative,  symmetric  matrix,  the  following 
equivalent  inequalities  must  be  satisfied 


0  <  ZT  <00;  0  <  A  <  1.  (8) 


For  technological  applications,  large  values  of  ZT  or 
A  are  desirable,  therefore  it  is  of  some  interest  to  know 
whether  it  might  be  possible  to  increase  these  factors 
by  macroscopically  mixing  together  different  thermoelec¬ 
tric  materials,  so  as  to  form  a  heterogeneous  or  compos¬ 
ite  medium.  For  particular  cases  and  models  this  was 
shown  to  be  impossible.  Those  cases  included  isotropic 
n- component  mixtures  where  all  components  satisfied 
Ai<l,i  =  l...n  [1];  isotropic  two-component  mixtures 
where  Ai,  A2  could  have  any  value  between  0  and  1  [1]; 
some  simple  approximations,  like  Clausius-Mossotti  and 
like  Bruggeman’s  effective  medium  theory  [1];  and  a  fi¬ 
nite,  three  component,  discrete  network  model,  for  which 
all  possible  configurations  were  checked  [3]. 

Here  we  generalize  those  discussions  as  follows:  For 
a  general  anisotropic  thermoelectric  medium  a  figure-of- 
merit-tensor  (FMT)  is  defined.  We  then  consider,  along¬ 
side  an  actual  composite  thermoelectric,  also  a  modified 
composite  medium,  with  the  same  microstructure  but 
with  the  thermoelectric  coefficients  artificially  put  to  zero 
everywhere,  and  with  a  local  electrical  conductivity  that 
is  appropriate  when  the  local  entropy  flux  is  made  to 
vanish  locally.  In  this  way,  we  are  able  to  derive  some 
interesting  bounds  for  the  bulk  effective  conductivities 
of  the  actual  composite,  and  also  for  the  bulk  effective 
FMT.  In  particular,  we  show  that  the  bulk  effective  FMT 
is  bounded  from  above  by  the  largest  eigenvalue  of  the 
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component  FMT’s.  The  proof  presented  here  is  related 
to  a  mathematically  similar  problem  that  arises  in  con¬ 
nection  with  the  electromechanical  coupling  tensor  of  a 
heterogeneous  piezoelectric  medium  [4]. 

The  FMT  is  denoted  by  A,  and  is  defined  so  as  to 
generalize  the  definition  of  the  scalar  figure  of  merit  A  in 

(7): 

A  =  Qn/2QnQ^Q\2Qn/2-  (9) 

With  the  help  of  this  non-negative,  symmetric  matrix  we 
can  rewrite  (1)  by  using  Ex,  J2  instead  of  Ei,  E2,  as 
independent  fields: 

/  Ji  \  /  Q\[\  1  -  A )Ql(2  Q12Q22  W  M 
\  E2  /  \  —  Q22Q12  Q22  /  \  / 

(10) 

The  local  rate  of  dissipation  per  unit  volume  is  given  by 
W  —  Ei  *  Ji  +  E2  *  J2 

=  Ex  •  Q11  •  Ex  +  2Ei  •  Q12  *  E2  +  E2  •  Q22  *  E2 

(11) 

=  Ei  •  Q{{2(  1  -  A )Q[{2  -  Ex  +  J2  ■  Q22  '  J2-  (12) 

From  the  last  expression  it  follows  that  the  FMT  is  also 
bounded  from  above,  thus  it  satisfies 

0  <  A  <  1,  (13) 

i.e.,  all  its  eigenvalues  are  between  0  and  1.  The  absence 
of  of  cross  terms  in  (12),  i.e.,  terms  that  involve  both  Ex 
and  J2,  is  due  to  the  fact  that  the  off-diagonal  blocks  of 
the  matrix  in  (10)  are  antisymmetric. 

The  total  rate  of  dissipation  of  the  entire  system  per 
unit  volume  (1 W )  can  likewise  be  written  in  two  different 
forms 

{W)  =  (Ei  •  Q„  •  Ej  +  2Ei  ■  O12  •  E2  +  E2  •  Q22  ■  E2) 

(14) 

=  (Ex  •  Q\/2{1  -  k)Q\{2  •  Ex  +  J2  •  Q22  '  J2>> 

(15) 

where  (  )  denotes  a  volume  average.  The  first  of  these 
forms  (14)  is  a  functional  of  0i,  02  that  attains  its  min¬ 
imum  value  when  0i,  02  assume  their  correct  physical 
values  at  every  point  in  the  system  [1].  That  minimum 
value  can  also  be  written  in  two  forms,  using  the  appro¬ 
priate  blocks  Qeij  [see  (4)]  of  the  matrix  of  bulk  effective 
transport  coefficients  Qe 

(W)m[n  =  (El)  •  Qe  11  •  (El)  T  2(Ei)  •  Qe  12  •  (E2) 

+  (E2)  •  Qe 22  •  <E2)  (16) 

=  (Ei)  •  Qell(l  -  Ae)Q«H  •  (Ei) 

+  (J2)-Qe_22'(J2).  (17) 


The  second  expression  was  obtained  by  using  the  cor¬ 
rect  physical  fields  in  the  second  form  for  (W)  (15),  even 
though  those  fields  do  not  minimize  that  form,  as  will 
become  clear  from  the  subsequent  discussion. 

If  we  substitute  Ei  =  V0i,  J2  =  V  x  A2  in  (15),  then 
we  get  a  functional  of  0 1  and  A2.  It  is  not  difficult  to 
show  that  this  functional  is  minimized  when  0i ,  A2  are 
the  solutions  of  the  following  equations 

V  •  [Q{/2(  1  -  A )Q{{2  •  W-i]  =  0, 

(Ei)  =  (VV>i)  =  given,  (18) 

V  x  [Q^V  x  A2)]  =  0, 

(J2)  =  (V  x  A2)  =  given.  (19) 

These  solutions  differ  from  the  physical  fields  found  in  the 
actual  composite  medium:  They  are  the  fields  that  would 
be  present  in  a  medium  with  a  local  electric  conductivity 
tensor  equal  to  Q\{2 (1-  A)Q\{2 ,  alocal  heat  conductivity 
tensor  equal  to  Q22,  and  a  thermopower  tensor  equal  to 
0.  In  this  artificial  medium,  the  potential  gradient  and 
the  temperature  gradient  are  completely  decoupled.  The 
minimum  value  thus  achieved  for  (W)  is  equal  to 

(Ei)  •  Fe[Q\{2(l  —  A)<9j{2]  •  (Ej) 

+  (J2)  •  r  '  (J2),  (20) 

Fe\Q 22] 

where  Fe[a\  is  the  bulk  effective  conductivity  tensor  of  a 
simple  conductivity  problem,  without  any  coupled  fields, 
in  a  composite  medium  with  local  conductivity  tensor  a . 
We  are  assuming  here  that  the  composite  medium  has  a 
microstructure  that  is  macroscopically  uniform,  and  that 
macroscopically  uniform  boundary  conditions  on  0i  and 
A2  are  used  in  order  to  enforce  the  given  average  values 
(Ei)  and  (J2). 

In  general,  when  <r(r)  can  be  an  arbitrary  function  of 
r,  Fe[a]  must  be  considered  as  an  order  1  homogeneous 
and  monotonic  functional  of  <7,  namely 

Fe  [A<t]  =  XFe  [a]  for  any  constant  A,  (21) 

Fe[a  1]  >  if  d"i  >  d2  >  0  everywhere.  (22) 

These  properties  follow  from  the  variational  properties  of 
(14).  However,  in  the  case  of  a  composite  medium  made 
of  n  constituents,  characterized  by  uniform  conductivity 
tensors  <j;,  Fe[a]  can  be  considered  as  a  function  only 
of  all  the  <7i,  with  the  precise  form  of  this  function  de¬ 
pending  on  the  microstructure  [5].  Note  also  that  (18) 
corresponds  to  an  electrical  conductivity  problem  where 
the  local  entropy  flux  has  been  set  to  zero  everywhere, 
while  (19)  corresponds  to  a  heat  conductivity  problem 
where  the  local  electric  field  has  been  set  to  zero  every¬ 
where.  The  results  of  (17)  and  (20)  are  different,  even 
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though  they  were  both  calculated  from  the  same  expres¬ 
sion  (15),  because  different  local  fields  Ej,  J 2  were  used 
to  obtain  them:  The  local  fields  used  to  obtain  (17)  are 
obtained  from  the  solution  of  (l)-(3),  and  are  thus  the 
correct  physical  fields  in  the  actual  composite  medium. 
By  contrast,  the  local  fields  used  to  obtain  (20)  are  ob¬ 
tained  from  the  solution  of  (18)  and  (19),  and  are  there¬ 
fore  fields  of  the  above  described  artificial  problem.  Note, 
however,  that  both  sets  of  local  fields  have  the  same  vol¬ 
ume  average  values  (Ei)  and  (J2). 

We  now  consider  the  correct  physical  fields  Ei,  J2  as 
trial  fields  for  the  functional  of  Vh ,  A2  that  was  obtained 
from  (15).  This  means  that  (17)  is  an  upper  bound  on 
(20)  for  any  given  values  of  (Ei)  and  (J2).  This  leads  to 
the  following  inequalities 

Qe22  <  Fe[Q22],  (23) 

Q\{\{  1  -  A e)Q\{\  >  Fe[Q\[2{  1  -  A)Q}(2].  (24) 

Note  that  the  lhs  of  (24)  is  the  bulk  effective  conductivity 
tensor  of  the  actual  physical  composite  when  we  impose 
boundary  conditions  such  that  (J2)  =  0.  By  contrast, 
the  rhs  of  (24)  is  the  bulk  effective  conductivity  tensor 
that  we  would  get  for  our  composite  medium  if  we  forced 
the  local  flux  J2(r)  to  vanish  everywhere.  If,  instead  of 
using  Ei,  J2  as  independent  fields,  we  use  E2,  Ji  as  the 
independent  fields,  then  we  get  similar  inequalities  where 
the  indices  1,  2  are  switched.  For  example,  instead  of  (23) 
we  now  get 

Qe  11  <  Fe[Qn).  (25) 

Two  interesting  consequences  already  follow  directly 
from  these  inequalities: 

1.  From  (25)  and  (23)  we  conclude  that,  if  we  turn 
off  the  (thermoelectric)  coupling  between  the  two 
fields  when  solving  for  the  local  fields  t/>i,  *02 >  (an¬ 
other  way  to  think  of  this  is  that  we  force  the  local 
field  E2(r)  to  vanish  everywhere  when  calculating 
'ipi ,  and  force  Ei  (r)  to  vanish  everywhere  when  cal¬ 
culating  t/j2)  then  the  bulk  effective  electrical  and 
heat  conductivity  tensors  which  we  get  are,  in  fact, 
upper  bounds  on  the  correct  values  of  the  two  ten¬ 
sors  ae  =  e2Qe n  and  %  =  k2BTQe22 . 

2.  The  meaning  of  (24)  is  that  the  bulk  effective  elec¬ 
trical  conductivity  tensor  at  zero  average  entropy 
flux  (J s)  =  o,  namely  e2QlJ^(  1  -  Ae)Q*n>  is 
bounded  from  below  by  the  bulk  effective  electri¬ 
cal  conductivity  tensor  that  we  would  get  if  we  ar¬ 
tificially  made  the  local  entropy  flux  vanish  every¬ 
where  J$(r)  =  0.  Obviously,  a  similar  statement 
holds  for  the  bulk  effective  heat  conductivity  ten¬ 
sor  at  zero  electric  charge  flux. 

In  order  to  obtain  our  third  result,  concerning  an  upper 
bound  on  the  bulk  effective  FMT,  we  now  use  the  above 


derived  inequalities,  together  with  (21)  and  (22),  in  order 
to  produce  the  following  chain  of  inequalities: 

Qeii (1  -  max  Aia)  <  Fe[Qu](l  -  max  Aia) 

ia  ia 

=  Fe[Qn(  1  -  max  Aio)]  <  Fe[Q{{2(  1  -  A)Q}{2] 

ta 

<01(1(1 -Ae)Ql{l  (26) 

where  A*a,  i  =  1 ...  n,  a  =  1, 2, 3  are  the  eigenvalues  of 
A  in  the  different  components.  From  this  it  follows  that 

Ae<maxAia,  (27) 

ia 

i.e.,  maxja  Aja  is  an  upper  bound  on  the  eigenvalues  of 
Ae. 

In  summary,  we  have  shown  that  by  mixing  together 
macroscopically  a  number  of  different  thermoelectric 
components,  the  figure  of  merit  can  never  be  enhanced 
to  a  value  greater  than  the  largest  among  the  various 
component  values.  However,  the  figure  of  merit  can  defi¬ 
nitely  be  degraded  by  making  such  a  mixture,  making  it 
even  smaller  than  the  smallest  among  the  various  com¬ 
ponent  values.  In  particular,  by  choosing  an  appropriate 
microstructure  for  a  two  component  composite  where  the 
thermopower  has  opposite  signs  in  the  two  components, 
it  is  possible  to  synthesize  a  composite  medium  that  has 
zero  thermopower,  and  hence  also  a  zero  figure  of  merit 
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Abstract 


It  has  been  suggested  that  microengineering 
traditional  thermoelectric  materials  into  composites  may  lead 
to  a  significant  improvement  in  their  thermoelectric 
performance  because  of  the  reduction  of  phonon  thermal 
conductivity  from  phonon  scattering  at  the  grain  boundaries 
and  interfaces.  At  the  fundamental  level  the  composite  figure 
of  merit  ZT  may  be  dramatically  increased  over  that  for  bulk 
because  of  the  increase  of  the  electronic  density  of  states 
that  occur  in  low  dimensionality  systems.  One  approach  for 
the  fabrication  of  nanostructured  materials  is  the  utilization 
of  nanochannel  insulators  as  a  matrix  for  the  synthesis  of 
dense  composites  using  high  pressure  injection  (HPT)  of  the 
semiconductor  melt  We  will  discuss  the  synthesis  and 
structural  properties  of  oriented  Bi2Te3  nanowire  arrays  in 
Anorore  porous  alumina  as  well  as  random  networks  of 
Bi2Te3  nanocrystals.  The  trigonal  Bi2Te3  crystallites  that  form 
the  wire  are  oriented  with  the  basal  plane  of  the  hexagonal 
plane,  i.e.,  the  plane  of  highest  conductivity,  along  the  wire 
length.  Bi  wire  arrays  are  similarly  oriented.  This  structural 
effect  is  directly  a  result  of  the  processing  using  the  HPI 
technique.  Another  implication  of  our  results  is  that  wire 
arrays  have  a  higher  figure  of  merit  than  random  networks. 

Introduction 

The  area  of  thermoelectrics  is  one  of  opportunity 
for  technical  innovation.  Thermoelectric  cooler  and  generator 
performance  has  stagnated  for  the  past  thirty  years  or  so.  An 
important  factor  limiting  this  technology  has  been  the 
availability  of  appropriate  thermoelectric  materials.  The 
suitability  of  a  material  for  thermoelectric  cooling 
applications  is  defined  by  the  thermoelectric  figure  of  merit 
Z  =  S2  o/k,  where  S  is  the  Seebeck  coefficient,  a  is  the 
conductivity,  and  k  is  the  thermal  conductivity.1  Efforts  to 
increase  Z  in  conventional,  bulk  materials  have  been 
hampered  by  the  interrelation  between  the  three  parameters 
which  results  in  an  adverse  effect  on  the  other  two 
parameters  when  improvement  on  one  of  them  is  attempted. 
Currently  the  materials  with  the  highest  figure  of  merit  at 
room  temperature  are  Bismuth  Telluride  and  related  ternary 
alloys  such  as  Bi2  Tei7Se03  and  Bi0J  Sb^Te3  having  a 
thermoelectric  figure  of  merit  ZT  that  peaks  at  around  0.96. 1 
At  low  temperatures,  in  the  range  between  77  K  and  200  K, 
Bix.xSbx  with  x  -  0.1  has  a  thermoelectric  figure  of  merit 
that  peaks  at  around  0.2.  A  closely  related  property,  the 
thermomagnetic  figure  of  merit  ZMT,  which  measures  the 
cooling  and  heating  efficiency  of  a  given  material  when 
aided  by  an  external  magnetic  field,  is  0.5  for  both  pure  Bi 
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and  some  of  its  alloys  with  Sb  at  0.75  T.2  The  Seebeck 
coefficient  of  these  alloys,  as  well  as  the  magnetoresistance, 
increase  with  the  length-to-width  ratio  in  the  presence  of  a 
magnetic  field3  indicating  that  the  thermoelectric  figure  of 
merit  in  the  presence  of  a  magnetic  field  is  very  dependent 
on  the  structure  of  the  composite. 

Bi  is  a  semimetal  since  the  three  conduction  band 
minima  at  the  L-points  lie  40  meV  lower  than  the  single 
valence-band  maximum  at  the  T-point.  Bi  electron  effective 
mass  is  very  small  and  therefore  quantum  confinement 
energies  are  very  high.  It  is  believed  that  quantum 
confinement  leads  to  a  semimetal  to  semiconductor  (SMSC) 
transition  for  material  thickness  around  30  nm.4  This  is 
another  strong  motivation  for  studying  Bi  nanocomposites 
since  semiconductors  have  a  high  figure  of  merit 

The  mechanical  properties  of  sintered  elements  are 
generally  superior  to  those  of  samples  cut  from  melt-grown 
ingots.  Here  we  discuss  a  route  to  the  synthesis  of  materials 
which  may  result  in  improved  thermal  and  electric 
properties.  Our  approach  is  to  tailor  the  structure  of  the 
thermoelectric  material  on  a  micrometer  and  nanometer  scale 
so  that  the  combination  of  the  relevant  parameters  result  in 
an  improved  Z  with  respect  to  the  bulk  phase.  The  benefits, 
in  both  function  and  performance,  from  the  development  of 
synthetic  systems  with  hierarchical  structure  is  well  known.5 
The  interest  in  low  dimensional  thermoelectric  materials  has 
been  stimulated  by  suggestions  that  one-  and  two- 
dimensional  systems  would  give  a  greatly  enhanced  figure 
of  merit6,7,8  Realization  of  this  potential,  which  is  limited  by 
processing  technology  and  cost,  is  facilitated  by  recent 
advances  in  nanocomposite  fabrication  and  in  related 
analytical  tools  such  a  scanning  electron  and  atomic  force 
microscopies.  Interesting  materials  in  the  context  of 
thermoelectricity  are  superlattices,  which  are  reviewed 
elsewhere.9  Here  we  emphasize  recent  work  on  wire  arrays. 
This  is  a  type  of  composite  that  is  made  by  injecting  porous 
materials  with  a  conductor  phase.  By  utilizing  microchannel 
and  nanochannel  insulators  as  hosts  or  template  structures, 
we  benefit  from  a  increasing  momentum10  in  the  technology 
of  microporous  dielectrics,11,12  The  channels  in  the  host  can 
be  filled  with  the  conducting  phase  by  high  pressure 
injection  of  its  melt,13  This  results  in  an  interconnected 
conducting  phase  with  highly  reproducible  properties  since 
it  essentially  copies  the  channel  structure  of  the  matrix.  In 
this  way  we  have  prepared  composites  where  the  active 
conducting  phase  occupies  a  large  volume  fraction,  up  to  76 
percent  By  controlling  the  microstructure  of  the  composite 
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we  can  microengineer  some  of  the  material  parameters 
relevant  to  thermoelectricity. 

The  plan  of  the  paper  is  as  follows.  First  we 
describe  the  material  preparation  technique.  Then  we 
examine  the  material  properties  relevant  to  thermoelectricity 
of  two  types  of  composites:  nanocomposites  of  Bi2Te3  and 
microwire  arrays  of  Bi. 

Composite  synthesis 

The  composite  preparation  technique  utilized  in  this 
work  makes  use  of  porous  insulators  with  a  regular  pore 
structure  as  host  or  template.  The  host  channels  are  filled 
with  the  conducting  phase  by  high-pressure  injection  of  the 
melt.  This  template  strategy  has  been  employed  to 
chemically  synthesize  semiconductor  and  metal  nanoparticles 
in  microporous  dielectrics  and  in  cavities  of  zeolites.  In 
those  cases  the  conducting  phase  occupies  a  volume  fraction 
typically  less  than  a  few  percent.  Many  practical 
applications,  such  as  those  requiring  electrical  transport, 
require  dense  nanocomposites  with  high  connectivity  of  the 
conducting  phase. 

We  have  prepared  dense  thermoelectric  composites 
by  high  pressure  injection  (HPI)  of  the  conducting  phase  into 
insulating  templates.  An  externally  applied  hydrostatic 
pressure  is  needed  to  overcome  surface  tension  effects.  The 
magnitude  of  the  pressure  required  depends  on  the  surface 
tension  of  the  melt  and  its  wetting  properties  and  is  inversely 
proportional  to  the  channel  diameter.  Details  of  this 
composite  preparation  method  have  been  described 
elsewhere.14 

The  injection  technique  produces  a  dense 
nanocomposite  and  insures  the  desired  interconnectivity  of 
the  conducting  phase.  It  also  present  advantages  over 
chemical  and  electrochemical  preparation  routes13  with 
respect  to  the  composition  and  chemical  purity  of  the 
composite.  The  range  of  composites  which  can  be  prepared 
by  injection  is  limited  by  the  sintering  of  the  template  which 
is  the  consolidation  of  the  pore  structure  with  loss  of  surface 
area  that  takes  place  at  an  elevated  temperature.  The 
sintering  temperature  of  porous  Vycor  glass  and  alumina  are 
850  C  and  900  C,  respectively.15  MicroChannel  glass  of  the 
type  utilized  for  our  Bi  experiment  sinters  at  450  C. 

Bi2Te3  nanocomposites 

Two  types  of  Bi2Te3  composites  are  examined  in 
this  paper,  namely  wire  arrays  of  oriented  crystallites  and 
semiconductor  random  networks  in  porous  silica.  We  have 
prepared  arrays  of  200  nm  diameter  wires  of  oriented 
bismuth  telluride  crystallites.  The  nanowires  have  been 
prepared  by  injection  of  commercial  anodic  alumina 


Fig.  1.  Top  and  side  views  of  an  Bi2Te3  wire  array 
composite  prepared  by  pressure  injection  of  the  melt 
into  an  anodic  alumina  template.  Dark  corresponds 
to  alumina. 


templates13  of  about  50%  porosity  in  the  form  of  parallel, 
cylindrical  channels.  The  anopore  samples  were  injected  with 
the  Bi2Te3  melt  at  700  C  and  60,000  psi.  Fig.  1  shows 
electron  micrographs  of  the  composite. 

The  nanowires  grow  with  a  preferred 
crystallographic  orientation  relative  to  their  length.  This  is 
illustrated  in  Fig.  2  by  the  X-ray  diffraction  (XRD)  spectra 
from  bismuth  telluride  arrays.  The  spectrum  is  dominated  by 
diffraction  peaks  from  crystal  planes  parallel  to  the 
hexagonal  c-axis.  The  trigonal  bismuth  telluride  crystallites 
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Fig.  2.  X-Ray  diffraction  of  an  Bi2Te3  wire  array 
composite.  The  inset  shows  the  scattering 
geometry. 


that  form  the  wire  are  preferentially  oriented  with  the  basal 
plane  of  the  hexagonal  cell,  i.e.,  the  plane  of  highest 
conductivity,  along  the  wire  length  (the  c-axis  perpendicular 
to  the  wire  length).  An  estimate  for  the  average 
semiconductor  crystallite  size  D  can  be  obtained  from  the 
widths  of  the  XRD  peaks  through  Scherrer’s  equation.16  The 
value  of  D=  40  nm  was  determined  from  the  width  of  the 
peak  at  20  =  41.5°  from  the  (110)  plane,  which  is  0.24°. 
Figure  3  illustrates  this  condition.  The  preferential 
orientation  of  the  crystallites  in  the  nanowires  is  also 
exhibited  by  Te.17  The  orientation  and  size  of  the 
microcrystals  forming  the  wires  is  determined  during  the 
nucleation  process,  where  nuclei  grow  by  adding  single 
atoms  to  the  growing  cluster  of  atoms  having  the 
configuration  of  the  solid.  This  may  happen  homogeneously 
somewhere  in  the  volume  of  the  melt  or  heterogeneously  on 
the  surface  of  the  template.  Since  the  surface  area  of  the 
template  is  so  large,  the  latter  dominates.  The  existence  of 
many  nuclei  may  explain  the  small  crystallite  size.  The 
reason  that  Bi2Te3  grows  with  the  hexagonal  c-axis 
perpendicular  to  the  glass  walls  is  that  bismuth  telluride 
tends  to  grow  from  the  melt  is  such  a  way  that  the  cleavage 
planes  lie  parallel  to  the  growth  direction.18  This  preferred 
crystallographic  direction  results  from  the  significantly 
greater  thermal  conductivity  and  hence  heat  dissipation 
parallel  to  the  c-plane. 


Fig.  3.  Illustration  of  the  crystalline  structure  of  the  Bi2Te3 

wire  array  composite. 

We  have  also  prepared  and  examined 
nanocomposites  where  the  conducting  phase  is  injected  in 
porous  Vycor  glass.  The  Vycor  glass  used  in  this  study  has 
an  average  pore  diameter  of  5.6  nm  as  determined  through 
nitrogen  adsorption/desorption  measurements.  The 
interconnected  porous  network  has  a  volume  of  roughly  32% 
of  the  total  sample  volume.  The  Bi2Te3  fills  approximately 
95%  of  the  open  volume.  X-ray  diffraction  studies  show  that 
the  Bi2Te3  retains  its  trigonal  structure  and  the  broadening  of 
the  X-ray  peaks  yields  a  characteristic  indium  crystallite  size 
of  roughly  30  nm,  significantly  larger  than  the  pore  size. 
This  phenomenon  has  been  recognized  in  other  composites 
of  metals  in  porous  Vycor  glass.  19  The  Seebeck  coefficient 
of  the  composite  is  decreased  from  the  bulk.  The  Seebeck 
coefficient  is  strongly  dependent  on  the  concentration  of 
donor  and  acceptor  impurities.  The  impurities  levels  can 
change  during  processing  and  a  similar  phenomenon  has 
been  observed  in  powder  metallurgy  of  bismuth  telluride. 
Quantum  effects  are  unlikely  to  play  a  role  since  our  5.6nm 
pore  size  is  larger  than  the  sizes  for  which  quantum 
confinement  effects  would  become  significant  for  bismuth 
telluride. 

Bi  Composites 

We  measured  the  magneto-Seebeck  coefficient  of  Bi  wire 
arrays  in  the  temperature  range  from  77  K  to  300  K  in 
magnetic  fields  of  up  to  1  Tesla.  The  material  was  prepared 
by  the  pressure  injection  method  described  in  the  previous 
sections  using  high  purity  99.9999%  Bi.  The  measurements 
were  made  in  a  cryostat  that  allowed  the  stabilization  of 
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temperatures  at  any  point  between  77  K  and  400  K.  Each 
sample,  typically  0.3mm  x  0.3  mm  in  cross  section  and  3mm 
length,  was  soldered  to  copper  end  plates  using  Cerrolow 
low  melting  point  solder  through  which  electrical  and 
thermal  currents  can  be  introduced.  The  electrical  potentials 
and  temperatures  at  the  end  plates  were  measured,  allowing 


Fig.  4.  Top  view  on  the  Bi  microwire  array. 

the  electrical  and  thermal  conductivity,  and  the  Seebeck 
coefficient,  to  be  determined.  It  is  important  to  realize  that 
the  overall  length-to-width  aspect  ratio  1/d  is  10  for  these 
samples.  However,  since  the  diameter  of  the  wires  in  the 
composites  is  0.05  mm,  the  wires  aspect  ratio  is  actually  60. 
For  this  sample  we  measured  a  Seebeck  coefficient  of 


-50p,V.  Gallo,  Chandrasekhar,  and  Sutter  measured  the 
Seebeck  coefficients  for  various  orientations,  and  found  then 
to  be  -50  pV  and  -70  pV  for  the  current  flow  along  and 
normal  to  the  trigonal  direction.20  This  confirms  our 
expectation  that  the  Bi  microwires  are  oriented  with  the 
trigonal  axis  perpendicular  to  the  wire  length.  This  particular 
crystalline  orientation  of  the  wire  crystallites  is 
disadvantageous  for  thermoelectricity. 

Conclusion 

In  this  paper  we  have  studied  some  thermoelectric 
effects  of  composite  materials.  The  discussion  has  centered 
in  off-the-shelf  Bi2Te3.  However,  as  we  discussed  in  the 
introduction,  it  is  well  known  that  the  figure  of  merit  of  this 
class  of  materials  can  be  optimized  by  alloying  with  Sb2Te3 
and  Bi2Se3.  Practical  applications  of  composites  would 
probably  be  based  on  these  alloys.  Our  conclusions  will 
likely  apply  to  these  compounds  as  well. 

It  is  not  difficult  to  show  that  the  random  network 
of  B2Te3  has  a  low  figure  of  merit.  The  large  crystallite  size 
of  conductor  in  the  pores  means  that  the  boundary  scattering 
is  small.21  Since  at  room  temperature  the  average  phonon 
wavelength  and  mean  free  path  are  shorter  than  the  pore 
diameter,  the  composite  thermal  conductivity  is  simply  the 
sum  of  the  contributions  from  the  PVG  matrix  and  the 
Bi2Te3  in  the  pores.  Therefore,  the  composite  thermal 
conductivity  can  be  estimated  from  the  expression  k  =  (1-<|>) 
Ksaic  +  <t>  K  Bismuth  Tdiuri*-  The  result  is  shown  in  the  table.  The 
electrical  conductivity  of  Bi2Te3  in  PVG  can  be  obtained 
from  the  empirical  expression  describing  the  conductivity  of 
a  porous  system  saturated  with  a  conducting  fluid,22  oc  =  ab 
<|>m,  where  ab  is  the  conductivity  of  bulk  Bi2Te3  and  m  is 
roughly  2.  Accordingly,  the  electrical  conductivity  is 
depressed  roughly  one  hundred-fold  in  the  random 


Table  I.  Thermoelectric  properties  of  Bismuth  Telluride  composites 


bulk  Bi2Tc3  (1) 2 
(off-the  shelf) 

Bi2Te3-  Si02 
<|>  =  0.32 

Bi2Te3  in  a  wire 
array  (<(>  =  0.5) 

S(nV/K) 

230 

164® 

230 

a  (Q'l.cm'’) 

500 

50 

250 

kl  (mW.cm'.K'1) 

16 

14 

12.3 

Z  T  (T  =  300  K) 

Oil 

0.06 

0.32 

(1)  Properties  of  the  undoped  material  at  20  °C  from  Ref.  1. 

(2)  Measured. 
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composite.  In  order  to  estimate  the  properties  ofwire  arrays 
we  have  assumed  that  the  matrix  is  glass,  such  as  MCP’s 
and  the  recently  developed  nanochannel  glass.  (In  fact,  we 
used  Anopore  in  our  experiments.  Anopore  is  basically 
porous  alumina  and  it  has  a  higher  thermal  conductivity  than 
glass).  This  allows  comparison  of  the  "geometrical"  effects 
in  the  two  composites.  The  table  shows  that  random 
networks  have  a  considerably  lower  figure  of  merit  than  the 
bulk  material  and  wire  arrays.  The  wire  arrays  suffer  a  50% 
"geometrical"  degradation  in  the  figure  of  merit.  This  effect 
can  be  minimized  using  higher  volume  fraction  matrices.  For 
example,  for  MCP’s,  the  decrease  of  the  figure  of  merit  is 
estimated  to  be  only  25%. 

It  is  known  that  sintered  Bi2Te3  elements  have 
superior  mechanical  properties  to  that  of  melt  grown 
elements.  However,  the  grains  crystalline  orientation  is 
random.  That  means  that  the  thermoelectric  properties  are  an 
average  over  all  orientations.  As  a  result,  the  figure  of  merit 
is  reduced.  For  n-type  material  the  reduction  amounts  to 
about  20%.  In  contrast,  in  our  method,  the  grains 
(crystallites)  that  form  the  wires  are  all  properly  alligned. 

Quantum  effects  are  not  expected  to  be  important 
for  the  large  diameter  wires  studied  here.  The  work 
presented  here  can  be  extended  to  very  fine  materials  such 
as  zeolites  and  nanochannel  glasses  for  which  the  quantum 
effects  are  more  relevant  and  may  lead  to  an  increase  of  the 
figure  of  merit. 
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Abstract 

The  model  of  formation  of  the  thermoelectric  properties 
of  inhomogeneous  matierials  and  the  system  classification 
of  different  structural  classes  and  types  of  the  materials  are 
worked  out.  The  analysis  of  the  concentration  dependences 
of  thermoelectric  properties  is  performed  on  the  basis  of  the 
method.  It  is  found  that  the  thermoelectric  properties  of 
inhomogeneous  materials  are-  connected  with  their 
composition  and  internal  structural  characteristics  (such  as 
the  coefficient  of  leakage,  the  leakage  threshold,  the  contact 
potential  difference  and  the  coefficients  of  skeletonivity, 
matrixivity,  chainivity). 

The  principal  possibility  of  getting  a  higher 
thermoelectric  figure  of  merit  (TFM),  Z,  (in  comparison 
with  that  of  the  initial  material  components)  is  shown.  Such 
a  possibility  has  been  realized  in  the  systems  Bi2Te3  -  C, 
MnSii/73  -CaF  as  well  as  in  some  composite  materials,  the 
most  essential  increase  of  the  TFM  being  attained  in 
cascade  materials. 

Introduction 

The  main  aim  of  the  work  was  to  clear  up  the 
possibility  of  the  TFM  increase  by  means  of  formation  of 
inhomogeneous  (heterogeneous,  manyphase  and  composite) 
structures.  The  method  of  the  ivestigation  is  experimental- 
theoretic.  The  theoretic  part  consists  of  modelling  and 
calculating  kinetic  properties  (the  electric  and  thermal 
conductivities)  and  potential  ones  (the  thermoelectric  power 
and  elastic  stress).  The  experimental  part  contains  verifying 
the  developed  models  on  the  systems  of  three  kinds:  metal  - 
dielectric  (MD),  semiconductor  -  dielectric  (SD),  metal  - 
semiconductor  (MS). 

The  main  regularities  of  formation  of  thermoelectric 
properties  in  complex  objects  like  ceramics,  composites  and 
manyphase  systems  were  investigated  in  many  papers  [1-3]. 
However,  these  works  deal  with  the  influence  of  some 
individual  factors  such  as  boundaries,  the  sample  thickness, 
technological  methods.  As  a  rule,  the  authors  did  not  aim  at 
summarizing  the  data  and  their  describing  mathematically. 
Besides,  the  problem  of  getting  high  values  of  the  TFM 
was  not  solved  in  these  papers.  Therefore  the  present  study 
mainly  deals  with  all  these  problems. 

Theory 

The  analysis  of  the  electric  conductivity  and  thermoelectric 
power  was  perfomed  on  the  basis  of  the  developed  physical 


model  and  electric  scheme  of  inhomogeneous  materials 

(Pig-1)- 


Fig.1:  Physical  model  (a),  electrical  scheme  (b)  and 
fragment  (c)  of  a  disperse  small  volume  of  inhomogeneous 
material:  A,B  -  low-  and  high-resistance  material 
components,  respectively;  x  -  the  volume  fraction  of  the  B 
-component;  L  -  the  fraction  of  a  parallel  electrotransfer;  Ri 
and  6  i  -  the  resistance  and  the  thermoelectric  power  of  the 
i-th  component,  respectively;  S  -  the  average  size  of  A  - 
particles;  /  -  the  average  size  of  the  contact  between  A  - 
particles;  £o  -  the  leakage  length  along  an  electric  field, 
£ch  -  the  length  of  a  chain  of  A  -  particles. 


In  the  terms  of  the  model  the  change  of  the  material 
composition,  x  =  B/(A+B),  leads  to  the  following  changes 
of  the  properties: 


dR  —  dliy  +  dR2 


dRx  =  Uc 


dRj  dRr 


Ri 


R2bJ 


dR2  =(\-L)(dRA+dRB) 
ds  =  (l  -  L )(dsA  +  dsB )  -  Lds-^A  +^B 


dR 


U) 

U) 

(3) 

CM 


The  analysis  of  these  relations  yields  the  two 
fundamental  differential  equations: 
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To  solve  the  equations,  the  authors  worked  out  the 
method  of  determing  L  as  a  function  of  numerous  internal 
parameters.  Among  them  the  most  essential  are:  the 
threshold,  xth ,  and  coefficient,  Xi  ,  of  the  leakage;  the 
coefficients  of  skeletonivity,  xSk,  matrixivity,  xm, 

chainivity,  xCh ,  and  the  contact  potential  difference,  q>£. 

xl  =  lo/lch  ’xsk=f  I5'  xch  =  ('cA  -  S)/l0  (the  components 

of  these  expressions  are  shown  in  Fig.  1(c)). 

These~parameters"are  used  partly  as  fitting  ones,  partly 
as  model  factors. 

To  perform  a  generalized  and  comparative  analysis,  the 
whole  set  of  inhomogeneous  materials  was  divided  into  4 
structural  classes  (  with  16  structural  types)  ( Fig.2). 


tri-v 


Fig.2.'  Classification  of  inhomogeneous  materials: 

1-  Liquid  materials  (  like  emulsion  ),  2-  Amorphous 
materials  (  like  glass  ceramics  ),  3  -  Deeply  doped 
materials,  4  -  Partly  amotphized  materials,  5  -  Materials 
with  a  small  contact  potential  difference,  6  -  Materials  with 
the  same  carriers  sign  components,  7  -  Thermodynamically 
equilibrium  materials,  8  -  Materials  with  porous  boundaries, 
9  -  Materials  with  reactive  boundaries,  10  -  Materials  with 
barrier  boundaries,  11  -  Materials  with  p  -  n  and  other 
junctions,  12  -  Materials  with  governable  shape  of  the 
particles,  13  -  Materials  with  governable  matrix  -  and 
skeletonivity,  14  -  Fibre  materials,  15  -  Layer  materials, 

16  -  Cascade  materials. 

Main  results 

The  exact  solution  of  the  equations  (  5  )  and  (  6  )  can 
be  only  found  in  some  simple  cases.  For  example,  in  the 
simplest  case  (realized  in  the  structures  14  and  15  in  an 
electric  field  directed  along  the  layers  )  the  situation 
schematically  shown  in  Fig.  3  (a)  takes  place. 


When  an  electric  field  is  directed  across  the  layers  and  in 
all  the  cases  of  the  structural  classes  I  and  II  the  analogous 
schematic  representation  of  the  situation  is  given  in 
Fig.3(b). 


Fig. 3.  Concentration  dependences  of  the  inhomogeneous 
material  conductivity  with  different  values  L:  (a)  -  L=l;  (b) 
-  L=1  -  Xu,n\  (c)  L  is  changeable  depending  on  x,  and 

PaIp1 

Here  xum  -  the  limited  content  of  the  A-phase  (in  this 
case  in  the  average  there  are  no  direct  contacts  between  the 
particles  of  the  B-phase).  x um  =  0,33  for  sphera  -  shaped 
particles;  xum  =  0,50  for  polyhedron-shaped  particles  and 
xum  >  0,7  for  needle  -  shaped  particles  (structural  type  12). 
In  this  cases: 


After  similar  considerating  contact  and  by-passing 
phenomena  in  other  structural  classes  and  types  the  results 
given  in  the  summarizing  Table  1  were  obtain. 

It  is  seen  that  the  dependence  of  an  inhomogeneous 
material  conductivity  on  structural  characteristics  is  linear 
or  quadratic.  This  is  one  of  the  main  particularities  of  the 
developed  model.  In  real  conditions  these  dependences  are 
probabilitive  and  can  be  described  by  means  of  exponential 
and  hyperbolic  functions.  As  for  linear  and  quadratic 
approximations,  they  can  only  be  used  in  a  narrow  range  of 
changing  the  examined  characteristics.  They  are  quite 
suitable  for  the  concentration  regions  I  -  IV  (see  Fig.  3(c)). 
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Table  I 

Connection  of  an  ingomogeneous  material  conductivity 
with  different  factors  of  the  structure 


Structural  class 
("and  tvne'l 

Influencing 

factors 

Dependence  P/q  / P 
_ on  the  factors - 

I  (1,2) 

II  (5,6,7) 
111(8,9,10) 
IV(12,13,14,15) 

Xf  Xlim 

J  Xch,  Xl 

~(rf+,Alim+//4J 

-  Xch 

~  Xlim 

I  (3,4) 

X 

~  (1-  x) 

111(8.9.10.11) 

V 

~  (g/{h+iP'+pl)) 

IV(12,13,14,15) 

Xfn  y  Xsk 

~  (1“  Xmy,  ~  Xsk 

When  the  ratio  of  the  B-phase  content  to  that  of  A-phase  is 
widely  changes,  the  change  of  the  structural  type  occurs.  As 
a  rule,  the  material  conductivity  changes  according  to  Fig. 
3(c).  Here  Region  I  is  the  solid  solution  on  the  basis  of  the 
B-phase  and  corresponds  to  the  structural  types  2  and  3. 
Region  II  is  a  region  with  separated  parts  of  the  A-phase  (in 
the  form  of  particles,  broken  chains  and  islands);  it 
corresponds  to  type  13  and  partly  overlaps  the  structural 
classes  II  and  III.  Region  III  is  a  region  with  direct  or 
inderect  (through  surface  thin  layers)  contacts  of  the  small 
parts  of  the  A-phase;  it  corresponds  to  the  structural  types 
5,9,10.  Region  IV  is  a  region  of  the  maximum  content  of 
the  A-phase  with  contacts  through  barrier  layers,  pores, 
inclusions  and  the  like;  it  corresponds  to  the  types  8,10,11. 

The  factor  L  changes  broadly  (from  0  to  1)  in  the 
investigated  region  of  x-change.  As  a  rale,  it  decreases 
with  increasing  a  number  of  a  structural  type. 

The  application  of  the  analysis  to  the  thermoelectric 
power  and  the  TFM  is  much  more  difficult  because  these 
values  depend  on  more  numerous  factors.  In  the  simplest 
case  the  following  relations  can  be  derived: 


(8) 

(3) 


(l-x),  forx  «  xp; 

here  - =<J  f  X  „  \ 

p  XA  |  l-x+ - 1,  for  x  »  x  p ; 

[V  *A) 

xp=lpB/AA;  ^pB-  the  thermal  conductivity  of  the 

A-phase  and  the  phonon  component  of  the  B-phase  thermal 
conductivity. 

The  corresponding  concentration  dependences  are  given 
in  Fig.4. 


Fig.  4:  Electrical  scheme  (a)  and  concentration 
dependences  of  the  thermoelectric  power  (b)  and  the  TFM 
(c)  of  inhomogeneous  layer  materials  (for  L=l) 

On  the  basis  of  the  performed  experimental 
investigations  some  particularities  of  electrophysical  and 
thermoelectric  properties  were  determiiftl  in  the  main 
system  kinds  of  inhomogeneous  materials,  MD,  MS  and 
SD.  In  the  first  kind  there  are  wide  regions  of  metallike 
conductivity  with  a  sharp  passage  into  a  high-resistance 
state.  In  the  second  kind  there  is  a  wide  region  of  metallic 
conductivity  with  a  less  sharp  passage  into  a 

semiconductor  state.  In  the  third  kind  a  semiconductor 
conductivity  is  observed  with  a  smooth  passage  into  a  high- 
resistance  state. 

The  inhomogeneous  materials  of  the  classes  III  andlV 
and  the  types  9,12  and  16  are  the  most  perspective  for 
receiving  effective  thermoelectric  materials,  the  system 
types  containing  semiconducting  phases  being  the  most 
favourable. 

The  same  sign  of  the  majority  carriers  in  the  component 
phases  is  a  nessesary  condition  to  rise  the  TFM  in  an 
inhomogeneous  material.  A  large  value  (£6  / £ff)(  /p£) 

and  a  small  value  of  the  thermal  conductivity  of  the  A- 
phase  are  also  important  conditions  to  increase  the  TFM. 
Cascade  materials  are  the  most  perspective,  especially 
materials  with  a  smooth  change  of  the  cascade  composition. 

Some  examples  of  effective  inhomogeneous  materials 
are  given  in  Table  2. 

The  data  demonstrate  a  real  possiibility  of  rising  the 
effectiveness  of  thermoelectric  materials  by  means  of 
formation  them  as  inhomogeneous  structures . 
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Table  2 

Examples  of  effective  composite  thermoelectric 
materials 


System 

Class 

and 

type 

Domi¬ 

nating 

factor 

(DF) 

Optimum 
value 
of  theDF 

Mechanism  and 
the  indicator  of 
effectiveness 

Bi2Te3  -  C 

m-9 

X 

xp 

0,03 

0,01 

Reduction  of  the 
oxide  film 

/  zo  ~  0,1 

MnSii  73 
-  CaF 

in -9 

X 

0,05 

Dissolution  of  the 
oxide  film 

A  z  /  Zo  c  0,2 

PreOx  i 
-  B2O3 

hi-  12 

X 

%lim 

0,01 
^  0,7 

Dissociation  of 
the  oxide  film 

AZ  /  zo  ^  0,3 

Bi2Te3 

-  CuSe 

-  MnSij, 73 
-CrSi2 

IV-  16 

U/i 

li  =  0,25 

Optimization  of 

Zi  ; 

Increase  aT 
A?/?  CZ.2...5 

Here  Zq  ,  aZ  -  the  initial  value  and  increase  of  the  TFM, 
U  -  the  height  of  the  i-th  cascade,  /?  -  the  efficiency 


Conclusions 

The  worked-out  system  classification  of  inhomogeneous 
thermoelectric  materials  and  the  generalized  model  for 
theoretic  describing  their  properties  permit  to  predict  the 
possibility  of  increasing  the  material  effectiveness  by  means 
of  fonnation  of  manyphase  and  composite  structures. 

Inhomogeneous  materials  of  the  structural  classes  III 
and  IV  (types  9,11,13)  are  the  most  perspective,  especially 
those  containing  semiconductor  component  or  having  a 
cascade  structure  with  a  smooth  change  of  the  cascade 
compositions. 

The  same  sign  of  majority  carries  in  the  material 
components  is  a  nessesary  condition  to  increase  the  TFM. 
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Abstract 

The  previous  theoretical  results  for  the  effective  ther¬ 
mopower  ae  in  random  two-component  systems  are  ex¬ 
tended  and  analyzed  using  the  effective-medium  theory. 
It  is  shown  that  in  almost  all  cases  of  metallic  and  both 
degenerate  and  nondegenerate  semiconductor  components 
we  can  calculate  independently  the  effective  electrical  con¬ 
ductivity  oe  and  thermal  conductivity  Xe,  which  determi¬ 
nate  the  value  ae  in  these  systems. 

Introduction 

Theoretical  studies  of  thermoelectric  phenomena  in  inho¬ 
mogeneous  solids  have  been  carried  out  in  many  papers. 
For  example,  the  authors  of  [1]  have  used  the  effective- 
medium  theory  (EMT)  and  computer  simulation  for  in¬ 
vestigation  of  the  thermopower  in  inhomogeneous  sys¬ 
tems.  The  exact  formulae  for  thermopower  in  random 
two-component  solids  was  obtained  in  [2].  In  papers  [3,4] 
the  general  theory  for  thermoelectric  properties  was  de¬ 
veloped  in  a  composite  medium.  The  results  of  [3,4]  were 
analyzed  in  [5]. 

In  this  paper,  we  investigate  the  thermopower  in  ran¬ 
dom  two-component  systems  by  extending  the  results  and 
methods  of  [2  to  5].  We  find  the  conditions  when  these 
results  are  valid. 

Theory 

We  consider  a  solid  sample  with  random  macroscopic  inho¬ 
mogeneities.  The  average  size  of  separate  inhomogeneities 
is  much  larger  than  the  electron  mean  free  path  and  much 
smaller  than  the  sample  size.  Jn  this  case,  local  values 
of  kinetic  coefficients  may  be  introduced.  Then,  for  local 
densities  of  the  electrical  current  j  and  thermal  flow  q,  we 
can  write 

j  =  *E  +  /?G,  (1) 


q  =  T/?E  +  7G.  (2) 

Here  0  =  era,  7  =  x  +  Too t2.  Values  E  and  G  are  local 
intensities  of  the  electrical  and  temperature  fields,  while  <7, 
X  and  a  denote  the  local  electrical  conductivity,  thermal 
conductivity  and  thermopower,  respectively. 

For  effective  densities  of  the  electrical  current  je  and  ther¬ 
mal  flow  qe  in  the  sample  we  can  write 


je  =  oeE0  +  /3eG0,  (3) 

qe  =  TPe'Eo  +  7eG0,  (4) 

where  0e  -  oea€ ,  %  =  Xe  +Taeot*9  E0  =  (E),G0  =  (G). 
Here  oe ,  Xe  and  ae  are  the  effective  electrical  conductivity, 
thermal  conductivity  and  thermopower.  Angular  brackets 
denote  the  configuration  averaging.  Equations  (1)  to  (4) 
may  be  rewritten  in  compact  form 

V  =  QW,  Ve  =  QeW0,  (5) 

where 

V-f  j/e  ^  Q  -  (  Qn  Q12  \ 

V"  ^  q JkT  J’  (4~  {  Q12  Q22  ) ’ 

w=(i£)-  <e> 


(  je/e  ' 

\  Q  - 

-( 

Qn 

Qt 2  ] 

V  ^le/kT  , 

“l 

Ql2 

Qh  J’ 

w£ 

-( 

eE0  ) 
kG0  J  ’ 

(7) 

QU  =  J, 

Q\2  = 

l_ 

ek  ’ 

Q22 

7 

k2T ’ 

(8) 

oe  -- 
~  e2’ 

Ql2  “ 

A 

ek ’ 

Q22 

It 

k2T' 

(9) 

For  calculation  of  the  effective  tensor  Qe  in  three- 
dimensional  sample  we  use  the  EMT  equation  (see,  e.g.[3]) 
in  the  form 

((Q  +  2Qe)~1(Q  -  Qe))  =  0.  (10) 

From  (10)  we  can  calculate  the  values  <7e,  Xe  and  ae. 
Inserting  (8)  and  (9)  into  (10)  we  find  the  following  system 
of  equations 

,  (X  +  2Xe)(g-ge)  -Tgeg(q-Qe)2  ■_  xnv 

'(<7  +  2ae)(x  +  2xe)  +  2Taea(a  —  ae)2 


(a  +  2 cre)(x  -  Xe)  ~  2Taea(a  -  qe)2  _ 

'(<7  +  2cre)(x  +  2%e)  +  2Taea(a  —  ae)2 '  ’  v 
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/ _ _ \  =  n  (U) 

'  (cr  +  2cre)(x  +  2xe)  +  2Taea(a  —  ae)2 '  *  1  ' 

Calculations  of  the  effective  kinetic  coefficients  from  (11) 
to  (13)  in  general  case  are  very  difficult  problem.  We  re¬ 
strict  ourselves  to  a  simple  case.  Let  us  neglect  the  terms 
with  (a  -  ae)2  in  (11)  to  (13)  and  write 


( 


cr  -  ae 
a  4-  2a e 

ctg  — 


>=°,<^>=°, 

\(<74-2o-<!Xy+2X«)  ^ 

({(T+2(7e)(x+2Xe)") 


(14) 

(15) 


where  x  =  Xe  +  Xl,  Xe  =  TLa ,  xl  is  the  uniform  lattice 
part  of  thermal  conductivity,  L  is  the  Lorentz  number.  Let 
us  consider  a  random  two  component  system  with  proba¬ 
bilities:  p  with  values  a\,  xi>  and  1  —p  with  values  <r2, 
X2,  ot 2  in  components.  Here  we  take  a\  >  a2.  From  (14) 
and  (15)  after  averaging,  we  obtain 


ae  —  0*1  [A  +  ^Ja2  +  2^"],  (16) 

,4  =  ±[(3p-l)(l-^)  +  ^], 

4  <Tl  (Ji 

-  +  (1  -p)a2^Bi  (m 

e  paiB%  4*  (1  1 

B\  =  (cr !  -f2(je)(xi  +2Xe)) 

B2  =  {cr  2  +  2cre)(x2  +  2xe), 

where  Xi  =  Xei  +  Xl,  X2  =  XE2  +  Xl .  To  find  Xe  we  can 
substitute  <j  by  x  in  (16)-  Below  we  obtain  the  conditions 
when  expressions  (16)  and  (17)  are  valid.  For  that  we 
perform  the  configuration  averaging  in  (11)  and  write 

Cl  (<7i  -  <7e)  -  TqjOi  (ai  -  ae)2 
P  Bi  +  2To-eo'i(ai  -  ae)2 
,  ,C2(a2  -  cre)  -  Terea2{a2  -  ae)2 

11  P1  B2  +  2Taea2(a2-ae)2 

Ci  =  Xi  +  2x«)  C2  =  X2  +  2xe- 

Now  we  write  down  four  inequalities  concerning 
merators  and  denominators  of  (18) 

Taeai  (<*i  -  aef  «C  |(xi  +  2xe)(<7i  -  cre)\, 

Taea2(a2  -  aef  <C  |(x2  +  2xe)(<r2  -  ae)\, 
2Taeai(ai  -  ae)2  -C  (<ri  +  2ae)(xi  +  2xe), 
2Taee2(a2  -  ae)2  <  (cr2  +  2ae)(x2  +  2xe)- 

Further  we  must  examine  these  inequalities  for  the  max¬ 
imum  degree  of  inhomogeneity,  i.e.  for  the  percolation 
threshold  (p  =  pc  =  1/3).  From  (16)  we  have  ae  ~ 
\/ cri  cr2 /2.  Let  us  investigate  only  three  cases  for  inequal¬ 
ities  (19): 


(18) 

the  nu- 


(19) 


1.  In  the  case  of  high  electron  part  of  thermal  conduc¬ 
tivity  when  xbi  >  XE2  >  Xl  we  have  ae  ~  (c*i  +  a2)/2. 
Then  from  (19)  we  obtain 


(q2  -  ai)2 
L 


(20) 


where  if  is  a  value  of  the  order  of  unity  for  all  inequalities 
in  (19). 

2.  In  the  case  of  low  electron  part  of  thermal  conduc¬ 
tivity  when  XE2  <  Xtfi  <  Xl  we  have  Xe  -  Xl,  ae  ~  a i 
and  we  obtain  the  inequality 


(°2~°l)2  «K*L. 

L  XE2 


(21) 


3.  In  the  intermediate  case  when  XE2  <  Xl  Xl\  we 
obtain  Xe  —  VxeiXl/^,  oce  ~  ai  and  we  have 


(«2  -  ai)2 

L 


<K 


XL 
<T2  XE2 


(22) 


It  is  easy  to  see  that  far  from  pc  the  inequalities  (19)  in¬ 
crease. 

The  same  results  can  be  obtained  also  for  (12)  and  (13). 
In  paper  [2]  the  exact  expression  for  the  effective  ther¬ 
mopower  in  two-component  systems  was  obtained  in  the 
form 

(Xs.  -  Xi.) 

ae  =  ax  +  (a2  (23) 

'  <T2  (?1 


To  use  (23)  we  must  calculate  the  values  ae  and  Xe-  In 
general  case  it  is  not  simple  problem.  In  [3,4]  the  con¬ 
clusions  were  made  that  ae  =  cre{p,cr2/ai,X2/Xi,a2/oti) 
and  Xe  -  Xe(P>X2/Xi)^2M,a2/ai).  But  if  there  are 
inequalities  Q i2  <  Qn  and  Q\2  <  Q22  in  (6),  i.e. 
a  <  k/e  and  a  <  eL/k ,  we  have  ae  —  ae  (p,  cr2  fo\ )  and 
Xe  =  Xe(P?X2/Xi)-  Consequently,  in  the  EMT  approxi¬ 
mation  we  can  use  the  equations  (14).  These  inequalities 
occur  only  in  the  metallic  and  degenerate  semiconductor 
components.  In  the  nondegenerate  semiconductor  compo¬ 
nents  usually  the  opposite  inequalities  hold.  In  this  case, 
as  it  follows  from  conclusion  of  [3,4],  the  equations  (14) 
are  not  valid.  We  found  the  new  inequalities  (20)  to  (22) 
when  the  equations  (14)  are  valid.  The  inequalities  (20) 
to  (22)  may  occur  even  if  Qn  >  Qn  and  Qn  >  Q22 >  he. 
if  a  >  k/e  and  a  >  eL/k.  Thus,  the  equations  (14)  may 
be  used  for  calculation  of  the  effective  values  ae  and  Xe 
including  the  case  of  nondegenerate  semiconductor  com¬ 
ponents.  The  values  a2  and  au  may  be  considerably  large, 
but  the  difference  (a2  -  c*i )  must  satisfy  the  inequalities 
(20)  to  (22). 

In  expression  for  ae  in  the  form  (23)  the  condition  a\X2  = 
a2Xi  must  be  excluded.  But  the  form  (23)  under  this  con¬ 
dition  can  be  easy  transformed  to  the  following  expression 

ae  =  ai  +  ^(a2  -«i)^-^ST-  (24) 

01  ae  d(£) 


Thus  we  have  the  complete  theory  for  the  thermopower 
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ae.  If  for  calculations  of  ae  and  Xe  Is  used  the  EMT  ap¬ 
proximation  (16)  we  obtain  that  (23)  and  (24)  coincide 
with  (17)  exactly  for  all  p. 

To  calculate  the  critical  behavior  of  ae  in  the  vicinity  of 
the  percolation  threshold  pc  it  is  necessary  to  use  more 
accurate  values  of  ae  and  Xe  in  (23)  and  (24)  [4]. 


Conclusions 

The  theory  of  thermopower  ae  in  random  two-component 
systems  is  analyzed  using  the  EMT .  To  calculate  the  value 
ae  using  (15),  (23)  and  (24)  we  have  found  the  inequalities 
(20)  to  (22)  when  the  independent  calculations  of  values 
a,,  and  Xe  by  (14)  are  valid.  The  authors  of  [3, 4]  con¬ 
clude  that  such  independent  calculations  of  ae  and  %e  are 
valid  only  if  a  <  k/e  and  a  <  eL/k,  i.e.  only  in  metal¬ 
lic  and  degenerate  semiconductor  components  of  system. 
Our  inequalities  (20)  to  (22)  are  valid  even  if  a  >  k/e  and 
a  »  eL/k,  i.e.  in  nondegenerate  semiconductor  compo¬ 
nents.  Thus,  the  inequalities  used  in  [3,4]  are  very  strong. 
These  inequalities  are  not  necessary  to  calculate  the  values 
oe  and  Xe  independently  and  without  taking  into  account 
the  thermoelectricity.  For  that  kind  of  calculations  the 
inequalities  (20)  to  (22)  are  suffice.  The  obtained  inequal¬ 
ities  allow  to  use  the  equations  (14)  in  almost  all  cases  of 
random  two-component  solid  systems  especially  outside  of 
the  percolation  threshold  vicinity. 
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Abstract 

A  large  enhancement  in  the  Seebeck  coefficient,  thermoelectric 
power  factor  and  figure  of  merit  (Z2DT)  is  reported  in  very  high 
carrier  concentration  p-type  PbTe  quantum  wells  grown  by 
molecular  beam  epitaxy.  The  estimated  Z2dT  (using  accepted 
bulk  values  for  lattice  thermal  conductivity)  is  as  high  as  1.5  at 

300  K.  Power  factor  values  up  to  160  jaWcm'-^K"^  were 
measured  at  300  K,  indicating  a  power  factor  in  p-type  quantum 
wells  that  is  approximately  five  times  the  best  bulk  or 
homogeneous  p-type  value.  Thinner  barriers  yielded  lower 
thermoelectric  power  factors  and  figures  of  merit.  The  high  power 
factor  was  achieved  with  a  barrier  thickness  less  than  half  that 
previously  used  to  demonstrate  enhanced  thermoelectric  power 
factors  in  n-type  quantum  wells.  X-ray  diffraction/reflection 
characterization  results  of  the  multiple-quantum-well  (MQW) 
structures  at  both  low  and  high  Bragg  angles  yield  precise  values 
for  the  MQW  periodicity. 

Introduction 

It  has  already  been  demonstrated  that  the  Pbt_xEuxTe/PbTe 
quantum-well  superlattice  (QWSL)  provides  a  useful  vehicle  for 
testing  ideas  on  enhanced  thermoelectric  figures  of  merit  Z  in 

quantum  confined  systems.  E2  Z  is  defined  by  the  relation  Z  = 

S2o/k  where  S,  a,  and  K  are,  respectively,  the  Seebeck 
coefficient,  the  electrical  conductivity,  and  the  thermal 
conductivity.  In  this  earlier  work  it  was  demonstrated  that  an  n- 
type  multiple-quantum- well  (MQW)  structure  based  on  the  Pbj. 
xEuxTe/PbTe  system  yielded  an  enhanced  value  of  the  power 

factor  S2G  arising  from  the  quantum  confinement  of  electrons  in 

the  PbTe  quantum  wells  *»2  using  x  =  0.073  for  the  barrier 
material  and  Bi  as  an  n-type  dopant  which  was  introduced  into  the 
barrier  regions.  In  the  present  work,  we  report  even  greater 
enhancement  in  the  two-dimensional  (2D)  thermoelectric  figure 
of  merit  Z2DT  for  p-type  MQW  samples  of 

Pb0.927Euo.073Te/PbTe.  E°r  ^rst  t™e  *n  an^  materia1’  a 

value  of  Z2DT  >  1.5  at  300  K  has  been  achieved  within  the 
quantum  well. 

A  new  acceptor  dopant,  i.e.  BaF2,  has  been  found  for  PbTe  and 
its  alloys,  that  can  be  introduced  continuously  to  grow 
homogeneous  p-type  layers  or  inserted  as  an  acceptor  8-dopant  in 
the  middle  of  the  Pbo.927Eu0.073Te  barriers,  which  are  situated 
between  the  PbTe  quantum  wells,  to  increase  the  hole  carrier 


concentration  in  the  quantum  wells  to  a  very  high  density. 
Pt>o.927Euo.073Te  *s  desirable  as  a  barrier  material  because  it 
grows  epitaxially  on  PbTe  and  provides  high-quality  interfaces 
between  the  barrier  and  the  quantum-well  regions  of  the  MQW 

structure,  and,  because  Pbo.927Euo.073Te  has  a  bandgap1  of 
0.63  eV  relative  to  that  of  PbTe  (0.32  eV),  it  provides  some 
confinement  of  the  carriers  to  the  quantum  well.  The 
Pho.927Euo. 073^6  barrier  material  does  not  however  have 
sufficient  barrier  height  (bandgap  and  band  offset)  to  confine  the 
bound-state  levels  of  the  quantum  well  unless  the  barrier  width  is 
relatively  large  compared  to  the  quantum-well  width.  Wide 
barriers  are  deleterious  to  realizing  a  high  three-dimensional  (3D) 
thermoelectric  figure  of  merit  Z3DT  because  of  high  parallel 

thermal  conductance.^ 

BaF2  inserted  in  the  center  of  the  Pbo.927Euo.073Te  barrier  did 
act  as  an  acceptor  8-dopant  and  allowed  the  achievement  of  the 
highest  estimated  thermoelectric  figure  of  merit  of  any  material 
(quantum-wells  part  of  the  sample  only)  at  300  K  as  discussed 
below.  We  believe  that  the  enhanced  ZT  is  due  to  a  combination 
of  factors.  One  factor  is  believed  to  be  the  large  enhancement  in 

the  Seebeck  coefficient*’2  in  the  quantum  wells  arising  from  the 
increased  density  of  states  per  unit  volume.  A  second  factor  is 
carrier  mobility  enhancement  in  the  quantum  wells  when  the 
dopant  is  placed  only  in  the  barrier  regions.  Impurity  scattering 
contributes  to  a  large  degradation  of  the  carrier  mobility  in 
uniformly  doped  bulk  material  at  high  acceptor  impurity 
concentrations,  but  since  the  impurities  are  only  placed  in  the 
middle  of  the  barriers  in  this  MQW  structure,  the  carriers  in  the 
undoped  PbTe  quantum  wells  are  not  subjected  to  significant 

impurity  scattering  even  though  hole-hole, ^  hole-phonon,  and 
hole-interface  scattering  does  occur  in  the  quantum  wells.  It  was 

found  that  a  hole  carrier  concentration  level  of  2  x  10 2^  cm"^ 
optimizes  Z2D  at  room  temperature  in  the  PbTe  quantum  wells 
for  barriers  200  A  thick.  For  thinner  barriers  the  maximum 
thermoelectric  figure  of  merit  Z2D  at  room  temperature  decreases 
as  the  barrier  thickness  decreases  due  to  tunneling  through  the 
barriers.  A  third  factor  in  the  enhancement  of  ZT  in  the  quantum 

wells  is  believed  associated  with  the  X- valence-band  pockets^  of 
PbTe. 

MBE  Growth 

A  number  of  structures  composed  of  p-type 
Pb0.927Ell0.073Te/PbTe  MQWs  were  grown  by  the  previously 

described^  (molecular  beam  epitaxial)  techniques.  In  some  initial 
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experiments,  thicker  BaF2  layers  were  grown  to  test  a  double¬ 
barrier  concept  where  the  first  barrier  (PbEuTe)  provides  high- 
quality  interfaces  to  the  quantum  well  and  the  second  higher 
energy  barrier  (BaF2)  provides  better  carrier  confinement,  so  that 
the  overall  barrier  thickness  can  be  minimized.  Initial 
experiments  involved  placing  a  2.0-nm-thick  layer  of  BaF2  in  the 
center  of  the  Pbo.927Eu0.073Te  barriers;  however,  we  found  that 
such  layers  produced  high  acceptor  levels  and  degraded  the  crystal 
structure  so  severely  that  good  thermoelectric  properties  were  not 

realized.  In  subsequent  experiments,  5- 
doping  with  BaF2  was  used  in  MQW 
structures  as  an  acceptor  impurity  only.  For  10oo 
p-type  doping,  chunks  of  BaF2  were  placed 
in  one  of  the  effusion  cells  and  heated  to  the 
appropriate  temperature.  The  computer-  ^ 
controlled  BaF2  shutter  was  opened  to 
provide  a  flux  of  BaF2  molecules  which  c 
gave  the  desired  hole  carrier  concentration,  o 
During  BaF2  deposition  all  the  computer-  ^  -jqo 
controlled  shutters  were  closed  except  the  t 
BaF2  shutter.  The  substrate  temperature  was  z 
573  K  during  growth  of  the  MQW  structure  h 
and  the  growth  rate  was  typically  0.7  S 
(xm/hr.  A  schematic  cross  section  of  the 
Pb0.927Eu().073Te/PbTe  MQW  structure 
along  with  the  Pbo.958Eu0.042Te  buffer  10 

layer  and  the  BaF2  substrate  is  shown  in  Fig.  1. 


Superlattice  Periodicity  Measurements 

1.  High-Angle  X-ray  Diffraction 

The  structural  properties  of  the  samples  were  investigated  by 
high  resolution  x-ray  diffraction  (XRD)  for  these  measurements, 
a  Philips  horizontal  MRD  (materials  research  diffractometer)  was 
used  with  Cu  K^i  radiation  and  a  four-crystal  (Ge  220)  Bartels 
monochromator  in  the  primary  beam.  The  Bragg  (444)  20/co 
XRD  results  for  the  MQW  sample  T-396,  grown  at  a  substrate 
temperature  of  573  K,  are  shown  in  Fig.  2.  Eight  or  more  peaks 
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Figure  2.  Reflected  x-ray  intensity  vs  double  Bragg  angle  for 
(444)  diffraction  (Cu  Ka}  radiation)  from  Pb089Eu0  ]]Te/PbTe 
MQW  sample  T-396  grown  at  573  K .  The  structure  of  the 
sample  consists  of  a  BaF2  substrate ,  a  106.2  A/24.2  A  MQW  on 
a  0.2  pm  thick  Pb0945Eu0055Te  buffer  layer.  The  number  of 
periods  is  526 

related  to  the  superlattice  are  seen.  The  peak  with  the  highest 
intensity  is  presumed  to  be  closest  to  satisfying  the  Bragg 
condition  for  the  fourth-order  reflection  for  the  average  lattice 

constant,  <ao>  =  (a0w‘dw  +  aob'dbV(dw  +  db)-  The  peaks  are 
caused  by  the  superlattice  periodicity,  P  =  dw  +  db,  and  are  of 

order  m  ~  4-P/  <ao>.  From  the  Bragg  condition, 

mX  -  2Psin0  [1] 

it  is  possible  to  determine  P  from  adjacent  peaks  (where  X  is  the 
x-ray  Cu  Kal  wavelength  and  0  is  the  Bragg  angle): 


Figure  1.  Schematic  cross  section  of  the  PbEu-chalcogenide 
multiple-quantum-well  (MQW)  structure  investigated 


P=(mi-m2)M2(sin0i-sin02)]  [2] 

where  mi  -  m2  =  1  for  adjacent  peaks  and  0]  and  02  are  the 
respective  Bragg  angles.  Upon  applying  Eq.  (2)  to  the  six  largest 
satellite  peaks  around  the  (444)  Bragg  reflections  (in  Fig.  2)  of 
the  host  lattice  of  the  T-396  sample,  we  calculate  P  =  13.04  nm 
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for  the  superlattice  period.  The  narrower  line  at  a  (444)  double 
Bragg  angle  of  1 18.813  degrees  is  due  to  the  BaF2  substrate.  For 
sample  T-396,  526  periods  were  grown,  giving  6.86  \im  total 
MQW  thickness.  Also,  from  the  fact  that  growth  rates  of  PbTe 
and  Pbo.89Euo.llTe  were  measured  to  be  the  same  on 
homogeneous  calibration  films  of  the  two  materials,  the 
proportional  well  and  barrier  growth  times  suggests  db  =  106.2  A 
and  dw  =  24.2  A. 

2.  Low-Angle  X-ray  Reflection 

The  structural  properties  of  the  samples  were  also  investigated  by 
XRD  in  glancing  incidence,  just  above  the  critical  angle.  For 
these  measurements,  a  Philips  vertical  MRD  instrument  was 
used  with  Cu  Kot  radiation  from  a  line-focus  tube  and  parallel- 
plate  collimator  between  the  sample  and  detector.  Figure  3 


1.0  2.0  3.0 

INCIDENT  ANGLE,  0  (degree) 


Figure  3.  Low  angle  x-ray  reflection  of  a  Pb0R9Eu0UTe/PbTe 
MQW  superlattice  sample  T-396.  The  m  numbers  represent  the 
order  of  the  superlattice  interference  peak. 

shows  the  reflected  intensity  vs  0  for  sample  T-396  discussed  in 
the  previous  section.  Structure  in  the  reflectivity  curve  is  again 
causing  the  superlattice  periodicity,  but  here  the  interference  is  of 
low  order,  as  labeled  in  the  figure.  At  low  angles,  it  is  necessary 
to  include  the  effects  of  the  small  deviation  of  the  refractive  index 

from  unity.  For  the  superlattice,  the  modified6  condition  of 
Bragg's  law  is 

d=P[l-(l-nSL)/sin2emL  [3] 

where  d  =  mX72sin  0m  and  nsL  =  (dbnb  and  dwnw)/P  represents 
the  refractive  index  of  the  superlattice;  nb  and  nw  are  the 
refractive  indices  of  PbEuTe  and  PbTe.  Equation  (3)  shows  that  a 
plot  of  d  vs  l/sin20m  will  yield  a  straight  line  and  the  x=0 
intercept  will  be  the  value  of  the  superlattice  periodicity  P. 
Figure  4  shows  that,  with  the  orders  assigned  in  Fig.  3,  we  do 
obtain  a  straight  line  as  expected.  From  the  intercept  of  the  best 
fit  of  the  data  (using  Excel  7.0a)  at  the  d-axis  of  Fig.  4,  the 
superlattice  period  is  calculated  to  be  130.2  A  for  sample  T-396, 
in  excellent  agreement  with  that  of  Sec.  1 . 


3.  Periodicity  from  the  Growth  Parameters  and  Layer 
Thickness 

Also,  the  superlattice  period  obtained  from  growth  parameters 


Figure  4.  Plot  of  d  (=m  A/2sin  6m)  vs  1/sin2  6m  where  m  is  the 
order  of  the  interference  peak. 

was  approximately  13.0  nm.  For  this  method,  we  use  the 
computer-controlled  shutter  counts  to  determine  the  total  number 
of  periods  as  mentioned  above.  The  computer  program  count 
yields  the  ratio  of  the  well  thickness  to  the  barrier  thickness  as 
mentioned  above.  Then  the  total  thickness  of  the  film  is 
measured  by  scanning  electron  microscopy  (SEM).  The 
superlattice  period  is  calculated  from  these  data.  However,  we 
believe  the  x-ray  diffraction  data  gives  the  most  precise  value  for 
the  period. 

Alloy  Compositional  Measurements 

The  Pbi-yEuyTe  buffer  and  Pbi-xEuxTe  barrier  layer 
compositions  were  determined  by  the  following  procedure.  An 
approximately  6-pm-thick  homogeneous  calibration  layer  of  a 
particular  alloy  composition  was  grown  by  MBE  for  a  particular 
set  of  PbTe,  Eu,  and  Te  effusion  cell  temperatures  and  beam- 
equivalent  vapor  pressures.  Then  XRD  spectra  were  recorded. 
Our  (444)  Bragg  angle  data  for  both  Pb]_xEuxTe  and  BaF2  were 
normalized  to  the  accepted  literature  lattice  constant  value  for  the 
(444)  Bragg  angle  of  BaF2  (6.200  A  lattice  constant)  in  order  to 
obtain  the  lattice  constant  of  a  specific  composition  of 
Pbi_xEuxTe.  Since  we  use  the  Cu  K&1  x-ray  source,  the  lattice 
constant  ao  of  the  NaCl  lattice  structure  Pbi_xEuxTe  was 
determined  from 

ao=5.3364/sin©B  [4] 
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where  0g  is  the  (444)  Bragg  angle.  The  following  equations ' 
relating  the  mole  fraction  of  EuTe  to  ao  were  used  to  calculate 
the  mole  fraction  of  EuTe  in  the  Pbi_xEuxTe  homogeneous 
layer: 

y=A(Aao)^+B(Aao),y<0.13 

where 

(Aao)=aopbEuTe-aOPbTe=aOPbEuTe-6-462A  [6] 

and  A  =  37.3  A'^,  B  =  2.00  A' A  In  Ref.  7,  the  lattice  constant 
for  PbTe  is  given  as  6.460  A  but  we  measure  6.462  A  for  our  6- 
pm-thick  PbTe  films  on  BaF2  and  used  it  in  Eq.  (6). 


Results  And  Discussion 

1.  Pbo.927Euo.073Te/PbTe  MQW  Structures  with 
20  nm  Barriers 

Hole  charge  carriers  were  provided  to  the  p-type  quantum  wells 
by  modulation  doping  of  the  Pb0  927Eu0  073Te  barriers  as  described 
in  a  previous  section.  Six  Pbo.927Euo.073Te/PbTe  MQW 
structures  were  grown  with  undoped  PbTe  quantum  wells  and 
with  BaF2  8-doping  in  the  20-nm  barriers.  Their  characterization 
parameters  are  tabulated  in  Tables  la  ,  lb,  and  Ic. 


Table  la 

Some  Parameters  of  the  8-Doped  p-Type  Pb0927Eu0073Te/PbTe  Quantum-Well  Superlattice  Structures 

3D  Carrier 

300  K  Seebeck  Concentration  Carrier  Mobility 


Sample 

No. 

Sample 

Thickness(pm) 

Number  of 
Periods 

Coefficient 

(UV/K) 

300  K 
(cm'3) 

77  K 
(cm'3) 

300  K 
(cmW-s) 

77  K 
(cm2/V -s) 

T-329 

5.25 

224 

+241 

1.8xl019 

15xl019 

77 

345 

T-331 

5.25 

224 

+229 

1.3xl019 

1.3xl019 

110 

400 

T-371 

5.58 

238 

+206 

4.1xl019 

1.6xl0'9 

39 

190 

T-368 

4.59 

205 

+151 

6.2xl019 

2.4xl0'9 

35 

200 

T-358 

5.25 

220 

+242 

6.2xl018 

3.9xl018 

120 

720' 

T-332 

4.76 

204 

+257 

4.1xl018 

2.3xl018 

120 

770 

Table  lb 


Some  Parameters  of  the  8-Doped  p-Type  Pb0  927Eu0073  Te/PbTe  Quantum- Well  Superlattice  Structures 

Thickness  Carrier  Concentration 


Sample 

No. 

PbTe  Well 

cfv(nm) 

Pb()927Eu()073Te 
Barrier  dh(nm) 

300  K 
(cm'3)  .. 

77  K 

_ _ 

T-329 

1.91 

19 

2.0x1 02H 

1.7xl020 

T-331 

1.91 

19 

1.6xl02H 

1.6xl02° 

T-371 

2.07 

20 

4.5  xlO20 

1.6xl02H 

T-368 

1.97 

19 

6.7xl02° 

2.7x1 02° 

T-358 

1.90 

19 

6.8xl019 

4.3xl019 

T-332 

1.88 

19 

4.9xl019 

2.8xl019 

Table  lc 

Thermoelectric  Properties  at  300  K  of  p-Type  Pb0  927Eu0  073Te/PbTe  MQW  Samples 


2D  Power  Factor  Thermoelectric 


Sample 

No 

P  F2D 

(uW/cm-K2) 

Electrical  Conductivity 
aw  (mho/cm) 

Figure  of  Merit* 
Wells  Only  Z,nT 

T-329 

160 

2700 

1.5 

T-331 

150 

2800 

1.4 

T-371 

119 

2800 

1.1 

T-368 

88.5 

3900 

0.7 

T-358 

73 

3900 

0.9 

T-332 

63.5 

960 

0.8 

*  A  literature  value14  of  the  lattice  thermal  conductivity  of  20  mW/cm-K  was  assumed  for  the  PbTe  quantum  wells 
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The  hole  carrier  concentration  increased  as  the  BaF2  effusion  flux 
increased.  All  of  these  samples  had  high  Seebeck  coefficients, 
ranging  from  151  to  257  (iV/K.  The  2D  carrier  concentrations  are 
obtained  by  assuming  that  the  carriers  are  confined  to  the  PbTe 

quantum  wells.  At  this  point  in  time,  modeling  work**  indicates 
that  all  of  the  carriers  are  confined  to  the  PbTe  quantum  wells  so 
the  2D  assumption  appears  reasonable. 

2.  Pbo.89Euo.nTe/PbTe  MQW  Structures  with  10 
nm  Barriers 

Tables  Ha,  lib,  and  lie  show  a  number  of  the  characterization 
parameters  for  Pbo.89EuO.  11  Te/PbTe  samples  with 
approximately  10-nm-thick  barriers.  The  hole  carrier 


concentration  increased  as  the  BaF2  effusion  flux  increased. 
Notice  that  the  measured  Seebeck  coefficients  for  these  QWSL 
samples  are  significantly  smaller  than  the  Seebeck  coefficients  of 
the  Pbo.927Euo.073Te/PbTe  QWSL  samples  measured  with 
approximately  20-nm-thick  barriers.  We  believe  that  the  smaller 
S  values  are  a  result  of  tunneling  between  quantum  wells,  i.e. 
the  holes  are  not  totally  confined  to  the  wells.  The  3D  carrier 
concentrations  and  electrical  conductivities  were  calculated  by 
assuming  the  carriers  are  uniformly  distributed  throughout  the 
samples  whereas  the  2D  carrier  concentrations  and  electrical 
conductivities  were  calculated  by  assuming  the  carriers  are  totally 
confined  to  the  wells.  Neither  of  these  assumptions  are  believed 
correct  but  are  made  to  tabulate  the  Hall  coefficient  and  electrical 
conductivity  data  and  indicate  the  range  of  possible  carrier 


Table  Ha 

Some  Parameters  of  the  8-Doped  p-Type  Pb089Eu{)  nTe/PbTe  Quantum  Well  Superlattice  Structures  Grown  at  300°  C 


Carrier 

Sample  300  K  Seebeck  Concentration  Carrier  Mobility 


Sample 

No. 

Thickness 

(M®») 

Number 
of  Periods 

Coefficient 
.  0tV/K) 

300  K 
(cm-3) 

77  K 
(cm'3) 

300  K 
cm2/V-s) 

77  K 
(cm2/V-s) 

T-383 

6.23 

408 

+178 

1.6xl019 

1.3xl019 

115 

338 

T-384 

4.42 

333 

+134 

9.5xl019 

6.0xl019 

45 

100 

T-385 

4.10 

331 

+142 

3.2xl019 

2.9x1 019 

120 

380 

T-386 

4.10 

329 

+126 

6.2xl0'9 

5.2xl019 

80 

290 

T-396 

7.06 

526 

+150 

4.4xl019 

5.3xl019 

66 

116 

Table  lib 


Some  Parameters  of  the  5-Doped  p-Type  Pb0<89Eu0  n  Te/PbTe  Quantum-Well  Superlattice  Structures 


Thickness 


2D 


Sample 

PbTe  Well 

Pb()89Eu()1ITe  Barrier 

Carrier  Concentration 

No. 

d„  (nm) 

dh  (nm) 

300  K  (cm  3)  77  K  (cm-3) 

T-383 

2.27 

12.5 

l.OxlO20  9.1xl019 

T-384 

2.21 

11.1 

6.0xl02H  6.1xl02H 

T-385 

1.92 

10.5 

2.1xl020  1.9xl020 

T-386 

1.92 

10.6 

4.1x102()  3.4x102h 

T-396 

2.42 

10.6 

3.2x102<)  3.5xl020 

Table  He 

Thermoelectric  Properties  of  p-Type  Pb()  89Eu{U 

Te/PbTe  MQW  Samples  Measured  at  300  K  (5-Doped 

Sample 

2D  Power  Factor  Electrical  Conductivity 

Thermoelectric  Figure  of 

No. 

Pp,n  (uW/cm-K2) 

aw  (mho/cm) 

Merit*  Wells  Only  ZmT 

T-383 

60 

1,900 

0.6 

T-384 

74 

4,150 

0.6 

T-385 

80 

3,900 

0.6 

T-386 

85 

5,400 

0.6 

T-396 

70 

1,880 

0.6 

*A  literature  value14  of  the  lattice  thermal  conductivity  of  20  mW/cm-K  was  assumed  for  the 

PbTe  quantum  wells  and  may  be  too  high. 
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concentrations  in  the  wells  and  barriers.  The  carrier  mobility  is 
the  Hall  mobility  and  is  the  same  for  either  the  3D  or  2D 
assumption,  i.e.  the  geometry  factor  cancels  out  for  the  Hall 
mobility. 

3.  Bulk  Materials 


To  evaluate  the  PbTe  MQW  data,  we  have  compared  these  results 
with  bulk  PbTe.  Properties  of  high  quality  bulk  p-type  PbTe 

samples^*  10  are  listed  in  Table  Ilia.  These  bulk  materials  were 
prepared  from  semiconductor-grade  Pb  and  Te,  grown  by  the 
Bridgman  method,  and  were  polycrystalline  with  large  grain 
sizes.  The  low  concentration  samples  were  undoped  whereas  the 
higher  concentration  samples  were  doped  with  various  impurities 
such  as  Ag,  Au,  and  P.  Seebeck  coefficients  at  300  K  varied  from 
+431  (iV/K  at  low  carrier  concentrations  to  +95  pV/K  at  the 
highest  concentration.  At  lower  carrier  concentrations  the  highest 

300  K  carrier  mobility  was  950  cnvVv-s  which  decreases  to  780 

cm^/V-s  at  a  carrier  concentration  of  1.5  x  10^  cm'^.  Properties 
of  a  MBE-grown  uniformly  BaF2-doped  homogeneous  PbTe 
film(T-376)  are  shown  in  Table  Illb.  This  sample  has  a  power 
factor  =  31.2  pW/cm-K^  and  a  bulk  ZjpjT  =  0.38  at  300  K, 

which  are  values  slightly  higher  than  those  for  any  other  p-type 
dopant  in  bulk  PbTe.  Also,  we  have  included  a  MBE-grown  8- 
doped  with  BaF2  homogeneous  Pbo.927Eu0.073Te  film  (T-393) 
in  Table  IIIc.  Notice  that  the  300  K  carrier  mobility  is  a  factor  of 
eight  larger  for  the  PbTe  sample  even  though  the  carrier 
concentrations  are  comparable. 


CARRIER  CONCENTRATION  (cm*3) 


Figure  5.  Seebeck  coefficient  vs  hole  carrier  concentration  for 
p-type  Pb0927Eu0073Te/PbTe  quantum-well  superlattice  structures 
and  bulk  PbTe. 


300  K  Seebeck 
Sample  Coefficient 

No. _ S(pV/K) 


Table  III 

300  K  Carrier  Concentration 

Power  Factor  p  (cm’3) 

(qW/cm-K2)  300  K  77  K 


Carrier  Mobility 
p(cm-2/V-s) 
300  K  77  K 


a.  Bridgman-Grown 


- 

3-69 

+431 

5.2 

2.2xl017 

2.1xl017 

770 

27000 

5-70H1B 

+388 

5.4 

3.0xl017 

3.3xl017 

740 

23000 

5-70H1A 

+346 

7.7 

4.9xl017 

5.4xl017 

830 

22000 

2-71H1 

+213 

22.7 

3.3xl018 

4.6xl017 

950 

15000 

1-72H1 

+  155 

20.9 

6.7xl018 

9.7xl018 

810 

9000 

12-71H1 

+154 

24.0 

7.4xl018 

l.lxlO19 

850 

9100 

1-72H6C 

+117 

21.4 

1.25xl019 

2.3xl019 

780 

4100 

1-72H4B 

+95 

17.0 

1.5xl019 

2.8xl019 

780 

4800 

b.  MBE-Grown  Epitaxial  Homogeneous  Layer  of  BaF2-doped  PbTe  Samples 

T-376  +170  31.2  1.7xl019  2.2xl019  385  1700 

c.  MBE-Grown  Epitaxial  Homogeneous  Layer  of  BaF2-doped  Pbo^EuoWTe  Samples 

T-393  +206  8.7  2.6xl019  2.7xl019  48  185 


Figure  5  shows  a  semilog  plot  of  these  S  vs  p  data  for  bulk 
PbTe,  which  are  fit  by  a  straight  line  given  by  the  simple 
expression 

S  (|xV/K)  =  +477-175  log10(p/1017  cm3)  PI 


Except  for  changes  in  signs,  this  is  exactly  the  same  expression 

that  fit  the  best  bulk  n-type  data^  for  n  <  4  x  10^  cm"^.  This  is 
to  be  expected  because  the  L  conduction  band  pocket  is  the  mirror 
image  of  the  L  valence  band  pocket  and  the  electron  effective 
mass  is  equal  to  the  hole  effective  mass  for  the  same 
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carrier  concentration.  The  effective  mass  of  each  L  pocket 
increases  with  carrier  concentration  due  to  band  nonpar abolicity. 

Notice  that  above  -  8  x  10 13  cm'^,  the  data  become  dependent 
on  the  impurity.  The  difference  in  Seebeck  coefficient  between 

the  Tl-doped  and  Na-doped^  bulk  samples  are  attributed  in  the 
literature  to  resonance-impurity  scattering  12,13  jn  the  Tl-doped 
samples.  From  Eq.  (7)  and  the  slow  mobility  change  with  carrier 

concentration,  we  get  a  maximum  power  factor  S2pe|ih  =  24 

pW/cm-K2  at  a  concentration  of  8  x  10^  cm'3,  but  using 
literature  values  for  Na-doped  PbTe  a  maximum  power  factor  of 

28  pW/cm-K2  is  obtained  at  1.0  x  1019  cirf3.  Using  20 

mW/cm-K  for  the  lattice  thermal  conductivity^  of  PbTe,  we 
calculate  a  maximum  figure  of  merit  ZTmax  =  0.35  for  p-type 

bulk  PbTe  at  300  K. 

These  results  for  bulk  PbTe  are  compared  in  Fig.  5  with  S  vs  p 
data  for  the  six  BaF2  6-doped  MQW  structures  with  20-nm 
barriers,  and  with  data  for  one  homogeneous  epitaxial  layer  of 
p-type  PbTe.  The  thick-barrier  MQW-structure  data  show  a  nearly 

constant  value  of  S  (in  the  high  10  ^9  cm-3  to  2  x  1020  cm'3 
range)  at  high  carrier  concentrations  similar  to  that  of  Na-  and  Tl- 
doped  bulk  material.  Currently,  we  believe  that  this  plateau  is  a 
consequence  of  the  valence  band  structure  of  PbTe.  Holes  are 
predominantly  in  the  L  valence-band  pockets  for  hole  carrier 

concentrations  below  the  mid-10^9  cm"3.  Above  2xl02^  cm"3, 
holes  are  predominantly  in  £  valence  band-pockets.  Constant 

energy  surfaces  of  the  PbTe  valence-band  extrema^  are  shown  in 
Fig.  6.  The  maximum  extremum  is  located  at  the  L  point  (light 
hole  band)  of  the  Brillouin  zone  and  there  are  eight  half  or  four 
whole  ellipsoids.  This  is  important  for  thermoelectricity  because 
ZT  is  directly  proportional  to  the  number  of  ellipsoids  (valleys) 
through  the  density-of-states  effective  mass.  The  next  highest 


300700-3 


Figure  6.  Constant  energy  surfaces  of  the  PbTe  valence  band 
in  the  Brillouin  zone. 


valence-band  extremum  is  located  at  the  £  point  (heavy  hole 
band)  of  the  Brillouin  zone  and  there  are  twelve  whole  ellipsoids, 
which  is  very  favorable  for  high  ZT.  Thus,  as  the  total  hole 
carrier  concentration  increases  the  percentage  of  (heavy)  £  holes 
relative  to  (light)  L  holes  increases  with  the  result  that  a 

relatively  high  Seebeck  coefficient  persists  to  extraordinarily  high 
carrier  concentrations.  The  Tl-doped  PbTe  Seebeck  coefficient  of 

120  pV/K  at  2  x  lO2^  cm'3  can  be  calculated  using  a  hole 
density-of-states  effective  mass  of  1.2,  which  is  reasonable  in 
view  of  this  valence  band  structure.  For  the  early  literature  on  the 
second  valence  band  in  PbTe  see  Refs.  15  and  16. 

Our  measured  Seebeck  coefficients  for  the 

Pbo,927Euo.073Te/PbTe  MQW  samples  are  approximately  a 
factor  of  two  larger  than  the  Seebeck  coefficients  (assuming  2D 
conduction)  of  bulk  Tl-doped  PbTe,  and  at  the  very  high  carrier 

concentration  of  2  x  102^  cm"3  we  obtained  a  remarkably  high 
Seebeck  coefficient  of  +240  pV/K.  We  believe  that  the  2  x 

increase  in  S  (4  x  increase  in  power  factor  S2a  and  ZT)  is 
primarily  from  quantum-well  enhancement  due  to  the  increased 
density  of  states  per  unit  volume  of  the  quantum  wells. 

Furthermore,  measurements  indicate  that  the  hole  carrier  mobility 

can  be  at  least  as  high  as  110  cm2/V-sec,  which  is  roughly  4  x 
higher  than  that  of  bulk  Tl-doped  PbTe  at  this  carrier 

concentration.  We  hypothesize  that  this  4x  mobility 
enhancement  may  be  due  in  part  to  modulation  doping.  Since  no 
impurities  are  placed  in  the  quantum  wells,  mobility 
enhancement  may  occur  due  to  the  suppression  of  impurity 

scattering  in  the  quantum  wells.  At  the  2  x  1020  cm'3  impurity 
concentration  level,  ionized  impurity  scattering  in  bulk  material 
probably  contributes  to  some  degradation  of  the  carrier  mobility. 
Since  the  impurities  are  placed  in  the  barriers,  the  carriers  in  the 
undoped  PbTe  quantum  wells  are  not  subjected  to  impurity 
scattering.  Thus,  we  believe  a  large  carrier  mobility  enhancement 
occurs  due  to  the  5-doping  suppression  of  impurity  scattering 
even  though  carrier-carrier,  carrier-phonon  and  carrier-interface 
scattering  may  occur  in  the  quantum  wells. 

In  Tables  Ic  and  lie  are  listed  the  2D  power  factor  Pf2D  = 

S2pe|ih  and  thermoelectric  figure  of  merit  Z2j)T  for  the  p-type 
PbTe  MQW  samples  at  300  K,  showing  Pf2D  values  as  high 

as  160  i+W/cm-K2.  The  power  factor  vs  hole  concentration  for 
these  samples  and  for  the  best  bulk  p-type  PbTe  (Table  HI)  are 
displayed  in  Fig.  7. 
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Figure  7.  Thermoelectric  power  factor  vs  carrier 

concentration  for  the  best  p-type  bulk  PbTe  samples ,  a  single 
BaF2  doped  epitaxial  PbTe  layer ;  and  p-type 
Pb0927Eu0073Te/PbTe  quantum  wells. 


Power  factors  (S20  for  bulk  or  single  layer  and  S20w  for 
quantum  well)  from  Tables  II  and  III  are  presented  in  Fig.  7  as  a 
fimction  of  the  carrier  concentration  at  300  K.  The  bulk  data 

show  a  very  broad  peak  centered  at  a  concentration  «  1.5  x  10^ 
cm-3,  whereas  the  MQW  data  peak  is  much  higher  and  narrower 

and  centered  at  -  2  x  102®  cm'^.  The  2-nm-thick  PbTe 
quantum  wells  with  ~  20-nm-thick  barriers  have  higher  2D 

power  factors  than  found  for  similar  n-type  quantum  wells,  *>2 
despite  having  a  much  lower  carrier  mobility.  For  the  best 

sample  (T-329)  the  power  factor  is  160  |iW/cm-K2,  the  highest 
reported  to  date  for  good  thermoelectric  materials. 

Conclusions 


Using  the  accepted  bulk  value  of  20  mW/cm-K  for  the  lattice 
thermal  conductivity,  we  estimate  Z3DT  is  as  high  as  0.24 
and  Z2DT  =  1.5  at  300  K.  Since  we  expect  phonon-interface 
scattering  in  the  MQW  structure  is  lowering  the  thermal 
conductivity,  the  actual  ZT  values  may  be  considerably  higher. 

The  3D  properties  of  these  p-type  quantum  wells  are  intriguing 

with  an  electrical  conductivity  of  275  mho-cnT*  and  a  Seebeck 
coefficient  S  of  +241  (iV/K  at  300  K.  However,  BaF2  and 
Pb0.927Euo.073Te  have  negligible  charge  carriers  and  small 
Z3£)T.  Thus,  despite  the  fact  that  only  the  9%  PbTe  part  of  the 
sample  is  thermoelectrically  active,  the  overall  estimated  Z3DT 
is  0.24  at  300  K. 

In  summary  the  unusually  high  maximum  thermoelectric  power 
factor  of  160  (iW/cm-K2  at  300  K  in  the  quantum  wells  is 
believed  to  be  the  result  of  a  combination  of  factors,  such  as  the 
density  of  states  per  unit  volume  quantum  well  enhancement 
effect,  the  carrier  mobility  enhancement  effect  of  modulation 
doping  by  8-doping  with  an  acceptor  impurity  in  the  barrier 


regions  only  of  the  MQW,  and  the  enhancement  effect  of 
contributions  to  the  density  of  states  due  to  the  presence  of  the 
high  density-of-states  effective  mass  hole  pockets  of  the  E 
valence  band. 
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Abstract: 

We  discuss  the  thermoelectric  transport  coefficients  and  the 
figure  of  merit  of  realistic  quantum  well  and  quantum  wire 
superlattice  systems.  The  electronic  contribution  to  the 
transport  is  described  in  detail  by  including  the  effects  of  the 
heat  current  along  the  barriers,  of  carrier  tunneling  through  the 
barriers,  of  well  width  dependence  of  the  scattering  rates,  and 
of  lifting  of  the  valley  degeneracy  in  realistic  superlattice 
systems.  The  lattice  thermal  conductivity  is  described  by 
including  the  effects  of  interface  scattering. 


superlattices  both  parallel  to  the  growth  direction  and  also 
along  the  planes  indicate  that  reductions  of  up  to  an  order  of 
magnitude  occur  over  the  corresponding  quantity  for  pure  bulk 
systems  [13-15],  Calculations  have  been  made  which  are 
consistent  these  findings  [16-18], 

Our  interest  in  these  systems  has  been  to  obtain  a  reliable, 
quantitative  understanding  of  thermoelectric  transport  in 
realistic  systems  including  all  of  the  essential  physical 
features.  In  the  following  we  describe  some  work  addressing 
this  objective. 


Introduction: 

In  the  past  several  years  there  has  been  considerable 
interest  in  quantum  well  and  quantum  wire  superlattice 
systems  in  the  search  to  find  improved  materials  for 
applications  in  cooling  and  power  generation  [1].  The  figure 
of  merit  [2],  Z7=aS2/K,  where  a  is  the  electrical 
conductivity,  S  the  Seebeck  coefficient  and  K  =  Kg+KL  is  the 
total  electron  and  lattice  thermal  conductivity,  provides  a 
measure  of  the  quality  of  a  material  for  such  applications. 
These  low  dimensional  superlattice  systems  are  of  interest 
because  of  the  possibility  of  modifying  their  electrical 
properties  through  confinement  and  their  lattice  thermal 
properties  through  the  introduction  of  additional  scattering. 

Interest  in  this  area  was  stimulated  by  the  proposal  that 
these  systems  should  exhibit  a  greatly  enhanced  figure  of 
merit  as  a  result  of  the  effects  of  confinement  on  the  electronic 
density  of  states  [3-5].  These  suggestions  used  arguments 
based  on  idealized  two-  and  one-dimensional  electronic 
systems.  In  subsequent  work  it  has  been  shown  that 
additional  effects  must  be  included  in  order  to  obtain  a  reliable 
understanding  of  electronic  contribution  to  the  thermoelectric 
transport  in  realistic  systems.  Among  these  effects  are  the 
heat  current  along  the  barrier  layers,  and  carrier  tunneling 
through  the  barriers  [6-10].  Further,  in  recent  work  [11,12] 
we  have  pointed  out  that  additional  dependences  of  the  figure 
of  merit  on  the  superlattice  period  come  from  the  well  width 
dependence  of  the  carrier  scattering  rates  and  from  the  lifting  of 
the  valley  degeneracy  in  multi-valley  systems. 

In  addition  to  the  electronic  contribution  to  the 
thermoelectric  transport,  the  phonon  thermal  conductivity 
plays  an  important  role  in  determining  the  value  of  the  figure 
of  merit  in  these  systems.  It  is  expected  that  the  interfaces 
and  associated  disorder  will  reduce  the  lattice  thermal 
conductivity  and  thus  will  lead  to  increased  figures  of  merit. 
Measurements  of  the  phonon  thermal  conductivity  of 


Electronic  Transport: 

In  the  following  we  consider  quantum  well  superlattices 
with  well  and  barrier  widths,  a  and  by  and  period  d-a+b.  The 
direction  of  transport  will  be  taken  to  be  in  the  plane  of  the 
quantum  well  layers,  which  has  been  the  direction  of  interest 
in  most  work  to  date.  A  Boltzmann  equation  approach  is  used 
for  the  steady  state  electron  transport  in  the  presence  of  a  weak 
electric  field  E  and  a  weak  temperature  gradient  VT.  The 
electric  and  heat  currents  in  the  superlattice  are  given  by 


Je  =  -eX  J 


dk 


nj 


4n 


v  *8f  • 
3  vnjUAnj 


dk 


JQ  =  X  J ~  3  vnj  —  M-)8fnj 


nj 


4k 


(1) 


(2) 


where  5fnj  is  the  deviation  from  the  equilibrium  distribution 
function  for  the  n^1  carrier  subband  and  j^1  valley.  5fnj  is 
given  by 


-eE  xinj(k||)  -  — T2nj(k||)J  (3) 


where  the  scattering  functions,  Tinj  and  X2nj>  are  determined 
from  the  solution  of  the  Boltzmann  equation  for  each  well 
thickness.  Here  e  =  enj(k)  is  the  energy  dispersion  of  the 

carrier  in  the  nj^  subband,  and  mj||  is  the  mass  of  the  j^1 
valley  for  motion  along  the  quantum  well.  The  electric  and 
heat  currents  are  related  to  the  transport  coefficients  by 


Je  =  cE  -  ctSVT 

Jq  =  oSTE  -  yeVT  (4) 
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where  ye  =  Ke  +  gS2T,  and  Ke  is  the  electronic  contribution 
to  the  thermal  conductivity. 


First  let  us  consider  the  effects  of  carrier  confinement  in 
realistic  superlattices,  including  the  thermal  currents  along  the 
barriers  and  of  carrier  tunneling  through  the  barriers.  To  do 
this,  it  will  be  adequate  to  neglect  the  well  width  and  energy 
dependence  of  the  scattering  rates,  which  is  done 
approximating  Tj  and  x2  in  eqn  (3)  by  a  single  constant.  In 
that  case  the  transport  coefficients  are  given  by  simple 
expressions  in  terms  of  the  carrier  density  of  states  [3,19]. 

The  density  of  states  including  the  effects  of  carrier 
tunneling  through  the  barriers  with  offset  V()  is  described 
using  a  Kronig-Penny-like  model.  The  carrier  dispersion  of 

the  rfi1  subband  is  approximated  by 


£n(k)  -  £n(kz)  +  ‘ 


(  2  ,2\ 

fi2 

k  k 

JL+  _L 

2 

mx 

(5) 


Here,  the  superlattice  axis  is  in  the  z-direction,  mx  and  my  are 
the  anisotropic  effective  masses  in  the  plane  of  the  layers,  and 
en(kz)  is  obtained  by  solution  of  the  Kronig-Penney  model. 
For  relatively  weak  coupling  between  wells,  £n(kz)  1S  given 
by 


£n(kz)  =  CnO  +  An  (  1  +  coskzd )  (6) 

where  £no  is  the  energy  at  the  bottom  of  the  rfi1  subband,  the 
overlap  integrals,  An  ,  give  the  half-width  of  the  subband,  and 
the  +  (  -  )  sign  corresponds  to  negative  (positive)  band 
dispersion.  An  depend  on  potential  height  Vo,  the  barrier  and 
well  widths  a  and  b  and  on  the  subband  index  n.  For  the 
range  of  parameters,  a ,  b ,  and  Vo,  considered  here,  we  find  that 
this  form  gives  a  good  fit  to  the  relevant  portion  of  the  exact 
Kronig-Penney  band  structure.  Then  the  density  of  states  of 
the  superlattice  can  be  obtained  analytically  by  summing  over 
wave  vectors  at  a  given  energy. 

We  give  ZT  for  Bi2Te3  in  order  to  illustrate  the  effects  of 
the  superlattice  band  structure  of  the  electronic  states.  In  the 
bulk,  Bi2Te3  has  the  one  of  the  highest  ZT  values  known. 
Its  transport  properties  are  highly  anisotropic.  We  take  the  x- 
direction  to  be  in  the  quantum  well  plane  and  to  be  along  the 
ao  axis  of  the  hexagonal  unit  cell.  The  superlattice  direction  z 
is  taken  to  be  along  the  co  axis  of  the  unit  cell,  which  gives 
[3]  mx  =  0.021,  my  =  0.32  and  mz  =  0.081  and  a  mobility  px 

=  1200  cm2/Vsec.  These  calculations  were  done  at  room 
temperature,  T=300K,  and  in  each  case  the  carrier  density  is 
chosen  to  maximize  ZT.  The  value  of  the  phonon 
contribution  to  the  thermal  conductivity  is  taken  to  be  [3]  the 
bulk  value  Kph  =  0.015  W/cmK  for  the  well  and  barrier 
material.  We  have  taken  both  the  quantum  well  and  barrier 
materials  to  be  the  same,  and  have  put  a  potential  barrier 
between  them.  In  order  to  account  in  an  approximate  way  for 


the  six  valleys  of  the  conduction  band  of  Bi2Te3,  a  and  Ke 
have  been  multiplied  by  6  for  both  bulk  and  superlattices  [3]. 
This  is  expected  to  be  an  overestimate  of  these  quantities  in 
superlattices  because  the  anisotropic  masses  partially  lift  the 
valley  degeneracy. 

The  results  for  ZTS  for  Bi2Te3  superlattices  are  shown  in 
Figure  1.  Here  the  barrier  height,  Vo,  is  taken  to  be  0.2  eV 
which  is  typical  of  off-sets  in  semiconductor  superlattices.  In 
Figure  1,  ZTs  for  thicker  wells  lies  below  the  bulk  value, 
and  this  effect  is  more  pronounced  for  the  larger  barrier 
thicknesses.  This  behavior  arises  from  the  parasitic  effects  of 
the  thermal  current  that  flows  through  the  barrier  layers.  For 
decreasing  well  widths,  ZTs  increases  and  reaches  a 
maximum,  and  then  for  still  smaller  well  widths  ZTs 
decreases  as  a  result  of  carrier  tunneling  through  the  barriers. 
The  value  of  the  well  width  at  which  the  maximum  occurs 
decreases  for  increasing  barrier  widths  b.  The  maximum  of 
ZTs  f°r  superlattices  is  found  to  be  enhanced  over  the  bulk 
value  and  is  nearly  independent  of  the  barrier  width  for  this 
range  a  and  b.  This  enhancement  arises  from  the  changes  in 
the  density  of  states  upon  electron  confinement  in  relatively 
narrow  wells. 


Fig.  1  The  figure  of  merit  ZTs  of  Bi2Te3  superlattices  scaled 
by  ZTjd  for  the  corresponding  bulk  given  as  a  function  of  the 
well  width  a  for  several  ratios  of  the  barrier  width  to  well 
width,  b/a  =  1/2  (dashed  line),  1  (solid  line),  and  2  (dashed  - 
dotted  line). 

The  dependence  of  ZTs  on  the  barrier  height,  Vo,  is 
shown  in  Figure  2.  For  large  periods  d,  ZTs  increases  for 
decreasing  Vo  and  approaches  the  bulk  value.  In  effect,  the 
thermal  conduction  in  the  barriers  becomes  relatively  less 
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important  as  the  carriers  spread  out  into  the  barriers.  For 
superlattice  periods  near  the  maximum  of  ZTs  >  its 
enhancement  over  the  bulk  value  is  larger  for  larger  Vo,  which 
arises  from  greater  quantum  confinement.  This  shows  that  the 
maximum  in  ZTs  arises  from  tunneling  between  the  layers. 


Fig,  2  The  figure  of  merit  ZTs  of  Bi2Te3  superlattices 

(scaled  by  ZTjo)  as  a  function  of  the  superlattice  period  d  for 
potential  barrier  heights,  V0  =  0.2  eV  (dashed  dotted  line), and 
1  eV  (solid  line).  Also  shown  is  the  ZTS  for  V()=»°  and  b=0 
(dashed  line). 

We  now  consider  the  well  width  dependence  of  ZTS  that 
arises  from  the  well  width  dependence  of  the  carrier  scattering 
rates.  The  constant  relaxation  time  approximation  (CRTA) 
used  above  neglects  this  dependence.  It  is  well  known  that 
electron  scattering  rates  in  superlattices  differ  qualitatively 
from  those  in  bulk  materials  [20,21].  Here  we  consider 
scattering  due  acoustic  phonons,  polar  optical  phonons,  and 
impurities.  In  the  following  we  will  also  consider  the  well 
width  dependence  of  ZT  that  results  from  the  lifting  the  valley 
degeneracy  of  multivalley  systems  due  to  confinement. 

From  the  results  above  in  the  constant  relaxation  time 
approximation,  we  see  that  strong  earner  confinement  in  the 
quantum  well  layers  produces  large  ZTs.  Thus,  we  will 
consider  in  the  following  the  strong  confinement  limit  in 
which  the  barrier  height  Vq  — >  <*>.  For  this  case,  no  tunneling 
occurs  between  the  quantum  wells.  In  order  to  solve  the 
Boltzmann  equation,  we  use  an  iterative  approach  that  was 
developed  to  treat  inelastic  scattering  mechanisms  in  bulk 
systems  [22].  We  have  extended  this  approach  to  treat  the 
multi-subband  case  of  a  quantum  well  superlattice.  For 
transport  in  the  plane  of  the  well,  the  transport  coefficients  are 
given  by 


a  = 


e2kBT. 

nh2d 


3f0(Cnj) 

dx 
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Tinj(x)x 
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Here  the  Fermi  distribution  fo=l/(exP(x- 1 Cnj)+1)  involves  the 
scaled  chemical  potential,  £nj  =  (lt-enjVkBT<  where  enj  is  the 

energy  at  the  bottom  of  the  nth  subband  deriving  from  the  jth 
valley.  Tlnj  and  x2nj  are  the  scattering  functions  obtained  by 
solving  the  full  Boltzmann  equation. 

For  illustration  we  evaluate  the  transport  coefficients  ZT 
for  PbTe  superlattices,  which  are  of  particular  current  interest 
experimentally.  Bulk  PbTe  is  a  multi-valley  semiconductor 
which  has  four  parabolic  anisotropic  conduction  band  valleys 
along  the  [111]  crystallographic  directions.  We  consider 
explicitly  here  the  lifting  of  the  carrier  valley  degeneracy  of 
multi-valley  semiconductors  due  to  confinement.  The 
superlattice  axis  is  along  the  [111]  direction.  We  employ  a 
two-band  k-p  model  to  obtain  the  band-edge  masses  for  the 


j1*1  valley  as 


...  fi2 

EJ,k)'T 


^  lV 

vmjz  +  mJ'U 


(10) 


where  mjz  and  mj||  are  the  masses  along  the  superlattice  axis 
and  in  the  plane  of  the  layers,  respectively.  Along  the 
principal  axes  of  the  single  longitudinal  ellipsoidal  valley 
aligned  along  [111]  (z-direction)  we  find  m]z=0.35  and 
mm=0.034.  The  other  three  oblique  valleys  are  equivalent, 
and  the  band-edge  mass  for  these  valleys  projected  along  the 
[111]  direction  is  moz=0.038.  The  corresponding  density-of- 


states  averaged  in-plane  mass  is  calculated  to  be  mo||=0.076. 
The  parameters  used  in  the  calculations  of  the  scattering  rates 
are  [23]  the  longitudinal  optical  phonon  energy  fccoo  =14 


meV,  the  static  and  high  frequency  dielectric  constants, 
kq=33,  Koo=414,  the  deformation  potential  constant,  D=25eV, 


and  pv^  =  486  meV/A3  where  p  is  the  density,  and  v]  is  the 

average  speed  of  the  longitudinal  acoustic  phonons.  The 
lattice  contribution  to  the  thermal  conductivity  in  PbTe  is 
taken  to  be  Kph=2W/m-K. 

Results  of  these  calculations  are  show  in  Figure  3.  Here 
the  barriers  have  been  taken  to  zero  thickness  and  infinite 
potential  height,  which  produces  the  highest  ZT  in  the 
CRTA.  Once  again,  the  carrier  density  is  chosen  to  maximize 
ZT.  The  solid  line  gives  the  results  of  the  full  calculation. 
With  decreasing  well  thickness,  ZTsL  first  decreases  and  then 
increases  for  the  narrowest  wells.  This  behavior  is  caused  by 
the  lifting  of  the  valley  degeneracy  due  to  the  quantum 
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confinement,  which  occurs  because  of  the  large  difference  in 
effective  masses  for  longitudinal  and  oblique  valleys  along  the 
confinement  direction.  As  the  well  thickness  decreases 
further,  the  ZT  of  the  system,  now  with  only  a  single 
contributing  valley,  increases  modestly.  ZTsl  remains  below 
the  bulk  value  for  wells  down  to  10 A.  The  dotted  line  is 
ZTsl  calculated  in  a  multi-subband  CRTA  that  uses  the  same 
relaxation  time  for  each  subband,  which  is  chosen  to  match 
the  bulk  mobility  [19],  Pbulk  =1700cm2/V-s.  The  same 
trend  is  evident  in  this  case.  Thus,  for  well  widths  of  interest 
in  practice  the  increase  in  ZTsl  brought  about  by  the  strong 
confinement  is  more  than  offset  by  a  decrease  in  ZTsl  arising 
from  the  lifting  of  the  valley  degeneracy. 

In  order  display  the  effects  of  the  well  width  dependence  of 
the  scattering  rates,  we  consider  a  model  of  a  PbTe  superlattice 
system  in  which  all  four  valley  are  degenerate  with  the  mass 
of  the  [111]  valley.  The  dash-dotted  line  in  Figure  3  gives 
results  for  ZT  within  the  with  this  valley  degeneracy.  For 
small  well  thicknesses,  ZT  increases  sharply,  reaching  a 
value  almost  5  times  the  bulk  value  for  the  narrowest  well 
considered,  a=10A.  For  comparison,  the  dashed  line  shows 
ZT  obtained  with  the  theoretical  treatment  given  here.  The 
increase  in  ZT  is  considerably  smaller  than  that  predicted  by 
the  CRTA.  This  difference  arises  from  the  decrease  in  the 
scattering  functions,  xinj  and  T2nj>  with  decreasing  well 
width. 


Fig.  3  ZTsl  I^TRulk  -vs-  well  thickness,  a ,  for  PbTe 
superlattices  having  zero  barrier  thickness  with  and  without 
lifting  of  valley  degeneracy.  Solid  line:  full  treatment  in  text 
including  lifting  of  valley  degeneracy;  dotted  line:  CRTA  with 
lifting  of  valley  degeneracy;  Dashed  line:  full  treatment  with 


enforced  valley  degeneracy;  Dash-dotted  line:  CRTA  with 
enforced  valley  degeneracy. 

We  have  also  studied  the  effects  on  the  transport 
coefficients  and  on  the  figures  of  merit  of  a  uniform 
distribution  of  ionized  impurites  equal  in  number  to  the 
carriers  present,  and  we  have  included  the  screening  due  to  the 
free  carriers.  The  impurities  are  treated  as  Coulomb  scattering 
centers.  The  screening  is  included  in  the  Thomas-Fermi 
approximation,  and  both  the  impurities  and  the  phonon 
interactions  have  been  screened.  In  general  the  impurity 
scattering  reduces  ZTS  modestly  at  each  well  width,  and  the 
screening  tends  to  increase  it  modestly.  It  is  particularly 
noteworthy  in  PbTe  that  the  impurity  scattering  has 
negligible  effect  on  ZTS  because  of  the  large  background 
dielectric  constant  in  this  material.  Thus  control  of  the 
doping  distribution  in  PbTe  by,  for  example,  modulation 
doping  should  not  have  an  effect  on  ZTS. 

Lattice  Thermal  Transport: 

In  semiconductors  the  lattice  contribution  to  the  thermal 
conductivity  typically  dominates  that  of  the  electrons,  and 
therefore  the  lattice  thermal  conductivity  has  a  large  influence 
on  ZTS  of  the  system.  In  recent  work  [13-15]  it  has  been 
found  that  the  lattice  thermal  conductivity  of  semiconductor 
superlattices  are  decreased  from  the  bulk  values  by  up  to  a 
factor  of  5  for  transport  along  the  quantum  well  planes  and  by 
up  to  a  factor  of  10  for  transport  along  the  growth  direction. 

Theoretical  work  has  been  done  which  associates  the 
decreased  thermal  conductivity  along  the  superlattice  axis  [16] 
and  along  the  planes  [17,18]  to  interface  scattering.  In 
particular,  a  Knudsen  flow  model  for  the  phonon  thermal 
transport  along  planes  of  a  quantum  well  was  introduced  in 
Ref.  [17],  and  it  was  extended  to  the  case  of  transport  in  a 
quantum  wire  in  Ref.  [18].  Here  we  sketch  these  results  using 
the  case  of  a  quantum  wire  for  illustration. 

The  lattice  thermal  conductivity  is  treated  using  a 
linearized  Boltzmann  equation  in  the  relaxation  time 
approximation  for  the  acoustic  phonons.  For  a  quantum  wire 
with  an  axis  in  the  z  direction  the  Boltzmann  equation 
becomes 

3Ni  9Ni  Ni  9No9t 

v’ilT+v>'l7+"r=V2Mr^  (11) 

where  v}  are  the  components  of  the  velocity  in  the  i  directions, 
No  =  l/(exp(/zco(q)/kBT)-l)  is  the  equilibrium  Bose 

distribution  for  the  acoustic  phonons,  and  Nj  is  the  deviation 
of  the  phonon  thermal  distribution  from  the  equilibrium  N() 
due  to  the  thermal  gradient  along  the  wire.  The  phonon  heat 
current  then  is 

JQ  =  \^zNxh(0{q)  °2) 

In 

For  most  superlattice  periods  the  well  or  wire  width  generally 
is  smaller  than  the  phonon  mean  free  path.  In  the  Knudsen 
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model,  the  Boltzmann  equation  is  solved  subject  to  the 
condition  that  the  phonons  are  in  equilibrium  with  the 
interfaces  which  are  at  a  specified  temperature.  In  addition,  the 
scattering  at  the  interfaces  is  specified  as  being  either  specular 
or  diffuse  [16-18],  and  in  these  calculations  the  relative 
amount  of  specular  and  diffuse  scattering  is  varied. 

Results  for  the  phonon  thermal  conductivity  of  quantum 
wells  and  of  cylindrical  quantum  wires  are  shown  in  Figure  4. 
Completely  diffuse  interface  scattering  was  used  in  the  figure. 
It  is  seen  that  the  thermal  conductivity  decreases  for  smaller 
sizes,  and  for  small  sizes  it  can  be  an  order  of  magnitude  lower 
than  the  bulk  value.  We  find  that  the  resulting  thermal 
conductivity  depends  on  the  choice  of  the  form  of  phonon 
scattering  time  in  the  bulk.  In  Figure  4  we  have  used  two 
forms  for  this  relaxation  time,  one  is  a  constant  mean  free 
path  model,  and  the  other  is  other  is  a  frequency  dependent 
relaxation  time  that  has  been  used  for  the  bulk  [24]. 


d  ( nm ) 


Fig.  4  Lattice  thermal  conductivity  K  scaled  by  bulk  value 
Kfiuik  for  GaAs  quantum  wells  and  quantum  wires  as  a  function 
of  well/wire  thickness,  d,  for  diffuse  interface  scattering. 
Dotted  and  dashed  lines  are  for  constant  mean  free  path  model 
of  bulk  phonon  scattering,  and  dash-dotted  and  solid  curves  are 
frequency  dependent  relaxation  time  model. 

Summary 

Here  we  have  discussed  both  the  electronic  and  the  thermal 
contributions  to  thermoelectric  transport  in  superlattices.  The 
issues  involved  in  giving  a  quantitative  understanding  for  the 
electrical  contribution  are  coming  to  be  relatively  well 
understood,  and  progress  is  being  made  experimentally  and 


theoretically  in  understanding  the  lattice  contribution  to  the 

thermal  conductivity. 
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Abstract 

A  rapid  survey  of  some  theoretical  considerations  concerning 
the  use  of  multiple  quantum  well  structures  (MQWS)  in 
thermoelectricity  is  given  as  well  as  why  bismuth  can  be  a 
perspective  material  for  the  development  of  a  new  class  of 
thermoelectric  systems.  Problems  arising  from  Bi  film 
synthesis  are  discussed,  in  relation  with  the  preparation  of  Bi- 
based  MQWS.  Some  experimental  results  are  reported  on 
pulsed  laser  deposited  Bi  films  prepared  in  our  laboratory. 

Introduction 

Bismuth  is  a  potentially  interesting  material  to  be  used  in 
multiple  quantum  well  structures  for  thermoelectric 
applications.  In  the  past  and  still  nowadays,  great  emphasis 
was  devoted  to  the  study  of  bismuth  in  thin-film  form  due  to 
its  special  properties  (classical  and  quantum  size  effects,  weak 
localization  effects,  elastoresistance  effects,  nonlinear  optical 
properties).  Particular  care  was  taken  to  optimize  the  structure 
of  the  films  for  each  specific  application. 

The  aim  of  this  paper  is  to  have  an  in-depth  look  on  the 
large  amount  of  papers  dealing  with  the  preparation  of  thin 
bismuth  films.  The  paper  is  divided  in  two  parts.  First,  we 
will  summarize  why  bismuth  can  be  a  choice  material  in 
quantum  wells  for  the  development  of  a  new  class  of 
performant  thermoelectric  systems.  Second,  we  will  try  to 
stand  out  of  the  literature  the  essential  points  concerning  the 
problems  linked  to  Bi  film  synthesis  that  can  be  useful  for  the 
preparation  of  Bi-based  MQWS.  Some  experimental  results 
obtained  in  our  laboratory  on  the  preparation  and 
characterization  of  thin  bismuth  films  synthesized  by  pulsed 
laser  deposition  (PLD),  PLD  being  a  new  method  to  deposit 
Bi  films,  will  be  included  in  the  paper. 

Interest  of  Bismuth  in  MQWS 

The  dimensionless  figure  of  merit  ZT  is  a  measure  of  the 
quality  of  a  material  to  be  used  as  a  thermoelement  and  is 
given  by  ZT  =  oAjT/k,  where  a  is  the  thermoelectric  power, 
o  the  electrical  conductivity,  k  the  total  thermal  conductivity 
and  T  the  absolute  temperature.  With  conventional  materials, 
the  maximum  limit  of  ZT  has  remained  near  1.  As  it  is 
highly  desired  to  improve  ZT,  there  has  been  recently  many 
attempts  in  finding  new  bulk  materials  for  the  development  of 
highly  efficient  thermoelectric  systems  for  energy  conversion 
applications  [1].  In  addition  to  the  search  of  new 
thermoelectric  materials,  several  papers  were  published 
analyzing  the  application  of  quantum  wells  [2-8].  By  these 


two  ways,  it  appears  that  the  limit  barrier  ZT  ~  1  can  be 
overcome. 

The  first  quantitative  theoretical  investigations,  performed 
by  Hicks  and  co-workers  [2],  suggest  that  conventional 
semiconductor  quantum  wells  would  have  an  improved  figure 
of  merit.  They  show  theoretically,  and  confirmed  later 
experimentally  [9],  that  ZT  for  a  single  quantum  well 
increases  as  the  well  width  decreases.  The  physical  origin  of 
the  large  increase  of  ZT  proposed  for  such  ideal  quantum  wells 
arises  mainly  from  the  large  density  of  electron  states  per  unit 
volume  that  occurs  for  small  well  widths  in  a  two- 
dimensional  geometry.  These  ideas  used  for  a  single  quantum 
well  were  then  extended  to  superlattices  by  Mahan,  Lyon  and 
Sofo  [4,5]  and  Lin-Chung,  Broido  and  Reinecke  [6,7]  who 
took  into  account  the  finite  width  of  barriers  and  tunneling 
probability  between  quantum  wells.  Their  conclusions  were 
that  the  contribution  of  these  two  effects  substantially  decrease 
ZT  for  superlattices  as  compared  to  those  of  a  single  quantum 
well.  Nevertheless,  for  a  composite  superlattice  system,  ZT 
could  be  increased  above  that  of  the  maximum  of  the 
constituent  bulk  materials  as  a  result  of  the  two  dimensional 
character  of  the  electronic  properties  in  one  of  the  materials  for 
small  well  widths.  Moreover  the  non-zero  barrier  width  has  a 
significant  effect  in  determining  ZT  of  superlattice  systems. 
The  precise  value  of  ZT  for  given  well  and  barrier  widths 
largely  depends  on  the  choice  of  materials  in  the  superlattice. 

Another  interesting  point  underlined  by  Hicks  et  al. 
concerns  the  possibility  of  using  two-band  materials  in 
quantum  well  superlattices  [3].  In  two-band  bulk  materials, 
the  presence  of  both  electrons  and  holes  decreases  a  resulting 
in  a  lowering  of  ZT  so  that  two-band  materials  such  as 
semimetals  are  not  performant  thermoelectric  materials. 
However,  by  preparing  them  in  the  form  of  two-dimensional 
quantum  well  superlattices,  a  significant  increase  in  ZT  over 
the  bulk  value  may  be  achieved,  allowing  the  possibility  of 
using  a  new  class  of  materials  as  thermoelectric  refrigeration 
elements.  Apart  from  the  increase  of  the  electronic  density  of 
states,  the  other  factor  responsible  for  the  large  increase  in  ZT 
over  the  bulk  value  is  the  separation  of  the  two  bands  and  the 
transformation  of  the  materials  into  an  effective  one-band 
system. 

Among  two-band  materials,  semimetallic  bismuth  is 
certainly  one  of  the  most  interesting  due  to  its  particular 
electronic  properties.  Electrons  are  located  in  three  equivalent 
ellipsoids  at  the  L-points  of  the  Brillouin  zone  and  the  holes 
in  a  single  ellipsoid  at  the  T-point.  The  overlap  energy  of  the 
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Figure  1:  Z2dT  vs  layer  thickness  a  for  a  quantum  well  of  Bi 
at  300  K,  after  [3]. 

electron  and  hole  bands  in  bulk  Bi  is  38  meV.  Bulk 
dimensionless  figure  of  merit  in  bismuth  at  300  K  is  equal  to 
0.4  but  as  mentioned  by  Gallo  et  al.  [10],  ZT  =  2  would  be 
achieved  if  the  T-hole  band  is  absent.  Hicks  and  co-workers  [3] 
calculated  the  figure  of  merit  Z2dT  at  300  K  for  a  single  Bi 
quantum  well  fabricated  in  the  basal  planes.  Their  results  are 
reported  in  Fig.  1.  The  sharp  increase  of  ZT  for  thicknesses 
lower  than  30  nm  is  linked  to  the  appearance  of  the 
semiconducting  state. 

This  semimetal-semiconductor  (SMSC)  transition  was 
postulated  by  Sandosmirskii  [11]  and  Lutskii  [12  and  refs 
therein],  and  remains  still  nowadays  a  controversial  issue 
despite  many  experimental  and  theoretical  efforts.  This  feature 
gave  rise  to  a  lot  of  papers  dealing  with  Bi  thin  film 
preparation,  as  will  be  seen  later  on  in  this  paper. 

Preparation  of  Pulsed  Laser  Deposited  Bi  Films 

The  bismuth  films  described  in  this  study  were  deposited 
under  vacuum  (10  8-10-7  mbar)  from  a  pulsed,  frequency- 
doubled  Nd:YAG  laser  beam  operating  at  533  nm  (repetition 
rate:  5  Hz,  pulse  duration:  10  ns,  density  of  energy:  3  J/cm2) 
onto  glass  substrates  maintained  at  room  temperature  during 
deposition.  The  experimental  set-up  has  been  described  in 
details  elsewhere  [13].  In  order  to  study  thickness  effects  on 
structure,  morphology,  roughness  and  transport  properties,  the 
deposition  duration  was  varied  between  30  and  180  min 
leading  to  film  thicknesses  between  about  8.0  to  45.0  nm. 

Overview  of  Thin  Bismuth  Film  Synthesis 

Synthesis  of  monolayers  of  thin  bismuth  films  has  been 
widely  studied.  Many  works  dealing  on  electronic  diffraction 
and  microscopy  have  been  reported  with  the  aim  to  determine 
the  film  characteristics  as  a  function  of  film  thickness, 
deposition  rate,  nature  and  temperature  of  the  substrate.  The 
investigations  were  performed  to  study  either  purely  structure 
dependence  of  the  films  on  the  growth  conditions  and/or  to 
correlate  some  electric  (resistivity,  Hall  coefficient, 


magnetoresistance)  and  optic  properties  to  the  observed 
structure,  morphology,  roughness  and  surface  defects  of  the 
films. 

In  the  pioneer  works,  the  bismuth  films  were  generally 
grown  by  conventional  thermal  evaporation.  If  studies  still 
deal  with  thermal  evaporation  nowadays,  many  other 
deposition  methods  have  been  developed  this  last  decade, 
mainly  with  the  aim  to  synthesize  bismuth  based  multilayer 
or  superlattice  systems:  molecular  beam  epitaxy  (MBE)  [14- 
18],  sputtering  [19-21],  electron  beam  sputtering  coupled  with 
an  electron  cyclotron  ion  source  [22],  ionized  [23]  or  low 
energy  [24]  cluster  beam  deposition  and  pulsed  laser 
deposition  [25].  The  more  commonly  used  substrates  are 
glass,  mica  and  oriented  barium  fluoride.  Some  studies  were 
carried  out  on  oriented  silicon,  sapphire,  cadmium  tellurium, 
silicon  nitride  and  carbon  coated  substrates.  Depending  on  the 
deposition  method,  numerous  substrate  temperatures  (between 
room  temperature  and  240°C)  and  deposition  rates  (less  than 
0.01  nm/s  to  several  nm/s)  have  been  given  as  being  the  best 
to  form  smooth  and  continuous  thin  bismuth  layers. 

The  main  conclusions  that  can  be  pulled  out  from  these 
studies  are  the  following: 

-  the  films  directly  deposited  onto  the  substrate  grow  in  an 
island  growth  mode  out  to  a  thickness  of  about  8.0  nm  before 
coalescing  into  a  continuous  film,  whatever  the  substrate. 


Figure  2:  TEM  images  of  a)  8  nm  and  b)  40  nm  thick  Bi 
films  deposited  by  PLD. 
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The  percolation  threshold,  determined  by  measuring  "in  situ" 
the  changes  of  electrical  resistivity  as  a  function  of  film 
thickness  is  very  sharp  and  occurs  for  thickness  of  about  9.0 
nm  [24,26].  These  results  were  further  confirmed  by  TEM 
[23],  AFM  [27],  STM  [28]  and  ellipsometry  [29] 
measurements.  This  island  formation  complicates  the  study  of 
the  transport  properties  of  very  thin  bismuth  films.  In  figure  2 
are  reported  TEM  images  of  Bi  films  fabricated  by  PLD 
showing  that  the  8-nm-thick  Bi  film  is  discontinuous,  the 
grains  becoming  however  connected  one  to  each  other  whereas 
the  40-nm-thick  film  is  completely  continuous  with  no  voids 
at  the  grain  junctions.  These  results  agree  with  the  previously 
mentionned  studies  performed  on  films  synthesized  by  other 
deposition  methods. 

-  the  densest  films  are  formed  for  substrate  deposition 
temperature  of  around  70-80°C,  as  observed  by  SEM  [30]. 

-  surface  roughness  of  about  3.0  nm  are  also  achieved  at 
these  substrate  temperatures  according  to  TEM  cross  sectional 
[31],  SEM  [30]  and  AFM  [27]  studies.  Films  thicker  than  10 
nm  generally  exhibit  smoother  surfaces  than  thinner  films  due 
to  the  filling  in  of  the  channels  between  the  growing  grains. 


Figure  3:  AFM  surface  images  of  a)  8  nm  and  b)  40  nm  thick 
Bi  films  prepared  by  PLD. 


Figure  3  shows  AFM  images  (0.5  pm  X  0.5  pm)  of  surface 
topographies  of  the  same  Bi  films  as  in  Figure  2.  The  root- 
mean-square  roughness  is  equal  to  2.8  and  4.2  nm  for  film 
thicknesses  of  8  and  40  nm,  respectively.  The  grain  size 
increases  as  thickness  becomes  greater,  as  already  observed  by 
TEM.  The  grain  shape  also  undergoes  modifications,  going 
from  nearly  spherical  to  faceted. 

-  bismuth  films  grown  by  thermal  evaporation  at  substrate 
temperatures  less  than  100°C  show  in-plane  polycrystalline 
structures.  However,  they  present  a  texture  with  the  trigonal 
axis  of  the  Bi  hexagonal  structure  normal  to  the  film  plane 
and  a  grain  size  of  about  1  pm  that  are  formed  irrespective  of 
the  substrate  nature.  This  texture  is  stable  upon  heat  treatment 
at  200°C  [32]  while  crystallites  with  random  orientation  are 
superimposed  on  the  above  mentioned  ones  when  the  substrate 
is  heated  above  150°C  [33].  Higher  resistivities  than  in  bulk 
Bi  are  encountered  in  the  films  due  to  the  problem  of  small 
grain  sizes.  In  figure  4  are  represented  the  0/20  X-ray 
diffraction  patterns  of  the  same  Bi  films  as  in  figure  2.  At  the 
beginning  of  film  growth,  only  a  low  intense  (012)  peak  is 
observed.  The  40  nm  thick  film  presents  the  (000  peaks  that 
are  usually  observed  in  Bi  films,  showing  a  preferential 
texture  with  the  trigonal  axis  of  Bi  perpendicular  to  the  film 
plane.  A  low  intense  (012)  peak  remains  however  present. 
This  peak  does  no  longer  appear  when  the  substrate  is  heated 
at  70°C  during  deposition.  These  results  show  that  film 
structure  changes  as  a  function  of  film  thickness.  Growth  goes 
through  different  steps:  first  growth  develops  in  a  random  way 
and  second  with  the  densest  planes  parallel  to  the  substrate 
plane.  Such  results  have  never  been  mentioned  for  Bi  films  in 
the  literature. 

-  insulating  Bi2C>3  grows  at  the  surface  and  internal 
boundaries  when  keeping  the  films  under  air  at  room 
temperature,  leading  in  the  reduction  of  the  effective  film 
thickness.  Some  result  discrepancies  observed  by  several 
authors  may  result  from  surface  oxidation.  Special  care  must 
therefore  be  taken  in  the  handling  of  the  films  to  avoid  surface 


Figure  4:  X-ray  diffraction  patterns  of  a)  8  nm  and  b)  40  nm 
thick  Bi  films  prepared  by  PLD. 
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contamination  even  as  during  deposition  where  ultra-high 
vacuum  is  recommended. 

-  the  history  of  substrate  (cleaning,  cleavage,  presence  of 
defects,  preheating,  temperature  during  deposition)  is  a  very 
important  factor  that  affects  nucleation  and  growth  of  the  Bi 
films  [19,34], 

For  the  use  of  bismuth  in  quantum  wells,  many  efforts 
must  be  made  to  produce  epitaxial  thin  films  with  the  largest 
grain  size,  the  smoothest  surface  and  the  sharpest  interfaces 
between  wells  and  barriers  since  grain  boundaries  and  surface 
defects  greatly  affect  the  transport  properties  due  to  scattering 
effects.  As  bismuth  layers  have  usually  the  (111)  texture,  one 
have  to  use  a  substrate  commensurate  with  the  (111)  plane  to 
synthesize  epitaxial  films.  Mica  and  BaF2(lll)  substrates, 
whose  lattice  mismatches  with  Bi  in  these  planes  is  small 
(less  than  4  %)  are  the  two  principal  substrates  reported  in  the 
literature.  However,  with  mica  twinning  is  possible  because 
two  different  growth  orientations  are  equally  probable,  leading 
to  films  with  two  crystal  orientations  containing  twin 
boundaries.  Jing  et  al.  [34]  reported  a  nice  AFM  study  to 
image  the  growth  of  Bi  surfaces  on  mica  substrates.  Their  best 
growth  conditions  (substrate  temperature  140°C,  deposition 
rate  0.5  nm/s,  annealing  1  hour  at  160°C)  lead  to  large  (some 
pm)  crystallites  formation  with  monoatomic  stepped  topology 
and  a  surface  roughness  on  the  order  of  1.0  nm. 

MBE  seems  to  be  the  choice  method  to  realize  epitaxial 
growth  and  superlattices  on  BaF2(lll)  substrates.  Actually, 
Partin  et  al.  [14]  obtained  epitaxial  Bi  films  at  the  elevated 
growth  temperature  of  240°C  and  observed  for  the  first  time . 
Shubnikov-de  Haas  oscillations  although  the  first  90  nm  of 
their  films  were  polycrystalline.  Van  Hulst  et  al.  [18]  reported 
on  the  fabrication  of  high  quality  Bi  thin  films  and 
heterostuctures  of  typical  roughness  of  1.0  nm  by  epitaxially 
growing  them  between  semiconducting  Bi-rich  Bii.xSbx 
alloys,  the  first  Bii.xSbx  layer  being  used  as  buffer.  An 
optimal  substrate  temperature  of  70°C  was  found  to  ensure 
smooth  single  crystalline  growth,  followed  by  in  situ 
reflection  high  energy  electron  diffraction  (RHEED)  patterns, 
yet  preventing  significant  interdiffusion  of  Bi  and  Sb.  High 
carrier  mobilities,  but  lower  than  in  bulk  materials,  are 
achieved  as  well  as  clean  termination  of  the  film  surfaces  with 
little  band  bending.  On  the  other  hand,  Yi  et  al.  [17] 
successfully  used  CdTe(lH)  substrates  and  CdTe  buffer  layer 
to  grow  Bi/Bii.xSbx  superlattices.  The  lowest  period  was  14 
nm.  They  observed  by  RHEED  good  crystal  quality  for 
substrate  temperatures  between  100  and  150°C.  The  same 
authors  observed  by  cross-sectional  TEM  two  kinds  of 
coherent  interfaces  between  Bi  and  CdTe  layers  in  Bi/CdTe 
superlattices.  Bi  grows  epitaxially  on  CdTe  while  CdTe  grows 
in  a  columnar  way  on  Bi  [35].  Bi/Sb  superlattices  have  also 
been  fabricated  [20-22].  Missana  et  al.  [21]  observed  that  in 
Bi/Sb  layers,  the  morphology  and  the  structure  of  the  whole 
multi-layer  system  is  determined  by  the  first  deposited  layer. 


All  these  results  show  that  it  is  a  tedious  task  to  obtain 
simply  high  quality  single  layer  bismuth  films.  It  is 
nevertheless  possible  by  the  use  of  appropriate  synthesis 
conditions  to  produce  Bi-based  multiple  quantum  well  systems 
that  can  be  optimized  for  thermoelectric  applications.  The 
choice  of  the  barrier  material  is  also  of  great  importance  as  it 
has  been  discussed  in  part  1.  PbTe-based  alloys  could  be 
interesting  barrier  materials  since  PbTe  has  an  electrical 
resistivity  *  10^  times  higher  than  in  Bi  and  has  a  low 
thermal  conductivity.  Bi  and  PbTe  are  structurally  and 
chemically  coherent:  only  small  lattice  mismatch  (0.3  %) 
exists  between  the  PbTe(lll)  cubic  plane  and  Bi(lll)  trigonal 
plane,  the  lattice  spacing  of  the  constituents  in  adjacent  planes 
being  accommodated  by  biaxial  strain  rather  by  dislocations 
arrays,  and  both  possess  the  same  average  number  of  valence 
electrons.  Ketterson  and  co-workers  [36,37]  still  reported  the 
feasibility  of  compositionally  modulated  PbTe/Bi  films 
deposited  on  mica  at  100°C.  Problem  could  arise  from  the 
easy  diffusion  of  bismuth. 

Conclusion 

Although  semimetallic  bulk  Bi  has  low  thermoelectric 
properties,  it  could  become  interesting  in  thin  film  form  due 
both  to  quantum  size  effects,  particularly  to  the  semimetal- 
semiconductor  transition,  and  to  the  two  dimensional  nature  of 
the  density  of  states.  MBE  or  any  other  ultra  high  vacuum 
deposition  method  seems  to  be  particularly  suitable  to 
synthesize  epitaxial  films  and  Bi-based  superlattices,  combined 
with  deposition  on  heated,  at  70°C,  oriented  BaF2  or  CdTe 
substrates  recovered  by  a  buffer  layer  to  smooth  all  the 
substrate  defects.  The  choice  of  the  barrier  material  remains  a 
crucial  problem.  PbTe-based  alloys  or  Bi-rich  Bii.xSbx  alloys 
could  be  potential  canditates. 
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Abstract 

We  fabricated  thin  films  with  SiGe/Si  multilayered  structure  by 
using  MBE  and  evaluated  their  low  temperature  transport 
properties  in  detail.  Boron-doped  Si^Ge^  wells  separated  with 
500A  Si  barrier  layers  were  formed  on  highly  resistive  Si  (100) 
substrate.  Measurements  of  resistivity  and  Seebeck  coefficient 
clarify  that  the  layered  structure  has  an  increasing  power  factor, 
a2/p,  with  decreasing  well  width  for  temperatures  below  300K. 

Introduction 

Since  the  strategy  to  use  a  superlattice  /  quantum  well  structure 
to  enhance  thermoelectric  performance  was  first  proposed  by 
Hicks  and  Dresselhaus  in  1993[1],  several  theoretical 
extensions  were  published [2]- [6]  and  efforts  on  proof-of- 
princ-iple  experiments  have  been  made[7]-[8].  Enhancement  of 
the  thermoelectric  power  for  a  constant  carrier  concentration 
with  two  dimensional  carrier  gas  in  PbTe  quantum  well  system 
was  firstly  observed  by  Harman[9],  where  the  region  of  interest 
was  focused  only  on  the  well.  From  the  practical  point  of  view, 
we  need  an  evaluation  of  total  film  material  including  both  well 
and  barrier  layer.  According  to  the  latest  considerations 
including:  the  effect  of  the  well  width  and  energy  dependence 
of  carrier  relaxation  time  and  the  effect  of  lifting  the  valley 
degeneracy,  as  well  as  the  effect  of  heat  conduction  through  the 
barrier  materials[6];  it  is  concluded  that  the  figure-of-merit 
value  of  parallel  conduction  over  the  total  thin  film  material 
with  quantum  well  structure  does  not  exceed  that  of  bulk 
materials. 

However  these  predictions,  based  on  the  classical 
model,  may  not  explain  whole  nature  of  the  materials.  There  is 
room  for  different  other  possible  effects  to  enhance  the 
electrical  performance  of  thin  films.  One  is  to  realize  high 
carrier  mobility  through  the  layered  structure.  Since 
thermoelectric  materials  often  are  optimized  at  high  carrier 
concentration  of  the  order  of  1019  to  1020  cm'3,  carrier  mobility 
is  deteriorated  by  impurity  scattering.  By  separating  the 
ionized  impurities  from  a  carrier  conducting  channel  with 


hetero-interface  of  semiconductors,  a  high  mobility  may  be 
achieved  in  the  layered  structures.  This  increased  mobility 
seems  favorable  for  the  thermoelectric  properties. 

Another  possibility  for  enhancement  of  the  electrical 
properties  is  to  design  energy  band  structures  with  artificial 
nano-structures.  Alternating  two  semiconductors  with  different 
band  gap  in  very  narrow  interval  of  angstroms.  Furthermore, 
the  band  structure  can  be  controllable  by  strain  induced  by 
lattice  mismatch. 

In  this  study  we  aim  to  prove  the  enhancement  in  the 
Seebeck  coefficient  in  multilayered  films  due  to  confinements 
of  the  carriers.  The  background  is  basically  based  on  the  Hicks’ 
model. 

We  selected  Si/SixGe1-x  and  Si/Ge  superlatticc  and 
quantum  well  structures  for  the  following  reasons: 

(1)  The  Si  Ge  x  /Si  system  is  well  known  as  a  strained 
superlattice.  Since  the  band  structure  changes  with  existance  of 
strain,  by  controlling  this  parameter,  we  have  more  freedom  to 
optimize  the  performance.  (2)  Epitaxial  growth  of  Si/Ge  has 
well  studied  and  the  processing  techniques  are  established. 

(3)  There  is  no  need  to  control  the  exact  stoichiometry  for 
SixGe1  x  alloy.  This  makes  the  experiment  much  easier 
compared  to  materials  such  as  PbTe  and  Bi2Te3. 

Alternating  epitaxial  growth  of  Si^Ge^  and  Si  on  Si- 
substrate  produces  well  structure  with  band  offset  of  0.2eV  in 
valence  bandflO].  This  value  is  sufficient  for  carrier 
confinement  when  we  focus  on  the  low  temperature  properties. 

In  this  paper  we  report  initial  data  on  the  transport 
properties  of  thin  films  with  Si^Ge^  /Si  layered  structure  for 
low  temperatures.  We  discuss  the  temperature  dependences  of 
resistivity  and  Seebeck  coefficient  and  their  comparisons  with 
alloy  thin  films. 

Experiment 

Boron-doped  Si^Ge^  and  undoped  Si  layers  were  grown  on  a  2 
inch  (100)  CZ  silicon  wafer  with  1000  Qcm.  Initially  the  wafers 
are  covered  with  a  thin  Si02  layer.  After  the  loading  into  a 
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Table  1.  Thermoelectric  properties  at  room  temperatures 


Sample 

Resistivity 

Hall  mobility 

Carrier  density 

Seebeck  coefficient 

Power  Factor 

£2  cm 

cm2/Vs 

cm-3 

M-V/K 

W/mK2 

40/500 

1.11X10-2 

37.6 

1.51X1019 

456 

1.87X10-3 

60/500 

7.50X10-3 

35.1 

2.37X1019 

353 

1.66X10-3 

100/500' 

6.31X10-2 

4.53 

2.19X1019 

263 

1.10X10-4 

625/500 

3.06X10-3 

20.0 

1.00X1020 

214 

1.50X10-3 

3000 

1.27X10-3 

22.0 

2.25X1020 

182 

2.61X10-3 

Bulk 

1.19X10-3 

29.9 

1.89X1020 

130 

150X10-3 

*  this  sample  has  a  low  mobility,  that  is,  low  quality. 

modified  ANELVA-620  MBE  growth  chamber  with  base 
pressure  of  5x10^  Pa,  the  protective  Si02  layer  was  removed  by 
exposure  to  weak  Si  beam  at  substrate  temperature  of  800  C. 

A  Si  buffer  layer  of  200A  was  deposited  and  the  flatness 
of  the  surface  was  checked  by  a  RHEED  pattern.  Si  and  Ge 
were  evaporated  using  a  lOkW  electron-gun  and  a  Knudsen 
cell,  respectively.  Five  Si^Ge^ /Si  alternating  layers  were  then 
deposited  at  400C.  A  B203  source  was  used  for  born  doping.  We 
aimed  to  create  heavily  doped  Si^Ge^  at  a  carrier  concentration 
of  lxlO20  cnr3  and  this  was  achieved  by  evaporation  from  B203 
Knudsen  cell  at  1200-1350C.  Each  Si^Ge^  lay er  was  separated 
with  500A  undoped  Si  layers  and  this  width  was  fixed  for  each 
sample  with  different  well  width.  For  a  comparison,  we  made 
SigcjGe^  alloy  thin  films  which  have  the  same  total  thickness 
(3000A)  and  almost  the  same  level  of  the  carrier  concentration. 
We  also  cut  a  p-type  Si^Ge^  polycrystalline  bulk  sample  to  the 
same  dimensions. 

We  measured  the  electrical  resistivity  p,  the  mobility  p 
and  the  carrier  concentration  n  of  the  films  in  a  temperature 
range  from  10K  up  to  300K.  These  data  were  determined  by 
van  der  Pauw  method  and  Hall  measurement.  We  cut  5mm  x 
5mm  samples  for  Hall  measurement  from  middle  of  the  2  inch 
wafer  and  adjacent  5mm  x  15mm  samples  were  used  for  the 
Seebeck  measurements.  Seebeck  coefficients  a  of  the  films 
were  measured  in  the  temperature  range  from  100K  to  300K. 
The  temperature  difference,  AT,  over  the  length  of  15mm 
sample  was  varied  up  to  4K  and  the  Seebeck  coefficient  at  the 
temperature  was  determined  as  the  slope  of  the  AV-AT  plot. 
We  used  Chromel-Almel  thermocouples  for  temperature 
measurement  and  Cu  wire  for  the  electromotiveforce  detection. 
In  order  to  remove  uncertainty,  we  did  not  use  silver  pastes  and 
just  pressed  the  Cu  wire  to  the  film  by  a  300g  weight. 


Results 

Table  1  shows  the  resistivity  and  the  Seebeck  coefficient 
of  the  samples  at  room  temperature.  All  films  showed  a  sheet 
electrical  resistance  lower  than  500  Q  and  the  contact  between  a 
probe  and  the  sample  were  fairly  good.  Since  the  resistance  of 
Si  substrate  is  4xl04  Q  at  room  temperature,  errors  due  to  the 
substrate  are  less  than  2%  and  we  make  no  correction  for  the 
resistivities.  The  Seebeck  coefficient  of  the  substrate  was 
+2mV/K  at  room  temperature.  We  can  treat  the  substrate  and 
film  as  an  equivalent  circuit  composed  parallel  connection  of 
two  voltage  sources  Vfilrrf  F^and  internal  resistances  Rfilr^ 
we  measured  voltage  V as 

R  V  +  R  V 

J/  —  ±  r  subst. .  _ \ubst .  film 

Rfilm  ^subst. 

and  in  the  case  of  Rfilm  «  Rsubs[ ,  measured  Kis  much  simpler  as 

v  =  v  + — (2) 

v  y  film  p  "subst .  v  / 

*\ubst . 

As  a  result  the  correction  does  not  exceed  6%  at  room 
temperature  for  the  data  listed  in  Table  1.  As  discussed  later,  we 
have  to  make  correction  to  Seebeck  coefficients  for  the 
temperature  below  300K. 

The  carrier  density  decreases  with  decreasing  well 
width,  as  we  expected.  This  is  understandable  with  changes  in 
well/barrier  width  ratio.  Since  we  made  heavily  doped  Si^Ge^ 
of  the  order  of  10 2(1  cnr3  for  the  well  layers  and  undoped  Si 
layers  for  the  barrier  layers,  it  seems  reasonable  to  suppose  that 
the  measured  value  corresponds  to  the  mixed  carrier 
concentration  over  both  layers.  The  Seebeck  coefficients  of 
multilayered  films  are  close  to  the  ones  of  Si  single  crystal 
measured  by  Geballe  and  Hull[12],  i.e.,  they  reported  500p,V/K 
at  room  temperature  for  Bridgemann  sample  with  1.5x1 0iy  cnr3 
boron. 


435 


16th  Internationa!  Conference  on  Thermoelectrics  (1997) 


Figure  1.  Temperature  dependence  of  Seebeck  coefficients 
Marks  for  as-measureddata  and  full  lines  for  data  with  the 
correction. 


Figure  2.  Temperature  dependence  of  the  resistivites 

Mobility  of  the  films  is  comparable  to  that  of  bulk 
materials,  but  we  find  that  there  are  increasing  mobilities  with 
decreasing  well  width. 

Figure  1.  shows  the  temperature  dependences  of 
Seebeck  coefficients.  For  lower  temperatures,  the  resistivity  of 
the  Si  substrate  decreases  rapidly  and  the  Seebeck  coefficient  of 


the  substrate  increases  simultaneously.  According  to  the 
reference[12]-[14],  VfiJRfilm  value  in  equation  (2)  becomes  a 
hundred  times  larger  than  values  for  room  temperature. 
Therefore  the  contribution  to  the  film  is  no  more  negligible.  In 
sample  40/500  and  60/500,  the  sharp  rise  in  as-measured  data 
for  the  temperature  below  200K  are  suppressed  with  the 
correction.  However,  still  the  Seebeck  coefficients  slightly 
increase  at  100  -150K. 

Figure  2.  shows  temperature  dependences  of  the 
resistivities.  Sample  40/500  and  60/500  showed  increasing 
resistivity  with  decreasing  temperatures  while  the  resistivity  of 
bulk  sample  slightly  decreases  with  decreasing  temperature. 
For  a  heavily  doped  semiconductor  of  the  order  of  lxl018-1019 
cm*3,  the  resistivity  does  not  show  any  increase  for  low 
temperatures  in  general.  Therefore  our  results  on  the 
temperature  dependence  of  the  resistivity  disagree  with  those  of 
the  bulk  materials. 

Discussion 

The  thermoelectric  properties  shown  in  tablel  tell  us  : 

(1)  In  multilayered  films  the  power  factors  are  comparable  to 
that  of  the  bulk  sample.  But  the  carrier  concentration  of  the 
layered  film,1.5xl019  cm'3  ,  is  much  lower  than  that  of  bulk 
sample. 

(2)  The  Hall  mobilities  of  40/500  and  60/500  samples  are  higher 
than  that  of  bulk  sample. 

In  general,  the  electrical  properties  such  as  power  factor  is 
uniquely  determined  when  the  material  and  its  carrier 
concentration  are  fixed.  Therefore  there  is  a  disagreement 
between  our  result  and  the  general  theory,  since  the  same 
power  factor  is  achieved  with  different  carrier  concentration. 
We  shall  discuss  it  with  simple  single  band  model  for 
thermoelectric  properties!!].  In  the  model,  when  the  mobility  is 
increased,  the  optimizing  fermi-level  is  reduced  toward  non¬ 
degenerate  region.  This  means  that  the  optimizing  carrier 
concentration  decreases  with  increasing  mobility.  For  usual 
bulk  materials,  the  mobility  is  strongly  limited  with  the  doping 
levels.  It  is  reasonable  to  suppose  that  in  this  experiment  we 
obtain  the  increased  mobility  by  forming  the  multilayer 
structure  and  this  makes  it  possible  to  optimize  the  electrical 
properties  at  one-order  low  carrier  concentrations.  This  also 
means  thorough  change  of  balance  of  a-p  for  the  optimized 
properties. 

For  temperature  dependences  of  electrical  properties, 
we  have  no  interesting  account  for  them.  Unfortunately  it  was 
difficult  to  suppress  completely  the  effects  of  the  substrate  for 
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this  experiment  and  this  makes  it  harder  to  understand  the 
whole  nature.  We  can  observe  peaks  of  Seebeck  coefficient  for 
low  temperatures.  It  is  appropriate  to  understand  the  exhibit  of 
the  multilayered  films  with  simple  electrical  equivalent  circuit. 
And  the  peaks  in  lower  temperature  may  be  accounted  for  the 
combination  of  both  degenerated  and  non-degenerated 
alternating  films. 

Conclusions 

In  this  paper  we  presented  the  thermoelectric  properties  of  thin- 
film  samples  with  Si^Ge^Si  layered  structures.  The  electrical 
properties  p ,  a  and  their  balance  are  different  from  those  of  the 
bulk  sample.  We  cannot  confirm  the  enhancement  in  the 
Seebeck  coefficient.  We  observed  the  larger  mobility  in  40/500 
and  60/500  samples.  These  samples  have  almost  the  same 
performance  as  that  of  bulk  sample  but  one-order  lower  carrier 
concentration.  This  seems  due  to  increased  mobilities  which 
enabel  to  optimize  at  low  carrier  concentrations. 
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Abstract  curves  of  bulk  Si  and  Ge  for  some  directions  of  Brillouin 


Recent  investigations  show  that  thermoelectric  properties  of 
superlattices,  where  electronic  density  of  states  is  two- 
dimensional,  may  be  greatly  improved.  In  our  report  the 
calculations  of  thermoelectric  properties  of  Si/Ge 
superlattices  are  proposed.  Superlattice  band  structure  was 

calculated  in  the  frame  of  tight-binding  model  (sp^s*). 
Obtained  band  structure  allows  us  to  calculate  the  electronic 
density  of  states.  Fermi  level  was  determined  from  neutrality 
equation.  Kinetic  coefficients  were  calculated  within  time 
relaxation  approximation.  The  calculated  figure  of  merit  of 
superlattice  is  compared  to  that  of  Si-Ge  alloy. 

Introduction 

The  development  of  epitaxial  techniques  makes  it  possible  to 
obtain  different  semiconductor  superlattices  (SL)  with 
hopeful  properties  in  different  fields  including 
thermoelectrics  which  causes  tremendous  interest  towards  the 
study  of  these  objects.  The  theoretical  calculations  of  the 
dependence  of  thermoelectric  properties  upon  the  layer 
thickness  were  done  in  [1-3].  It  was  shown,  that 
thermoelectric  efficiency  may  be  increased.  ZT  may  reach  a 
value  up  to  14  at  room  temperatures  in  the  ideal  model  when 
electrons  move  in  wells’  minibands  and  cannot  penetrate 
through  barriers.  The  experimental  findings  [4]  show  that 
ZT=2  at  T=300°K  for  PbTe/PbEuTe  superlattice. 

Theoretical  calculations  of  thermoelectric  properties  of  Si/Ge 
superlattices  are  proposed  in  our  work.  With  this  purpose,  the 
electronic  energy  spectrum  is  calculated  for  the  structures 
with  different  number  of  layers.  The  thermoelectric  properties 
and  figure  of  merit  of  these  SL  are  calculated  as  well. 

Tight-binding  model  application  to  bulk  Si  and  Ge 

Band  structure  of  crystals  may  be  determined  in  the  frame  of 
the  tight-binding  model  which  is  rather  universal  and  simple 
in  practical  realization.  This  method  uses  sp3  orthogonal 
basis  set  with  nearest-neighbour  interactions  and  makes  it 
possible  to  obtain  a  quite  accurate  description  of  the  valence 
bands  but  not  the  conduction  bands.  To  eliminate  this 
problem,  Vogl  et  al.  [5],  have  introduced  one  additional 
orbital  to  the  minimum  sp3  orbital  set.  This  new  orbital  has 
been  termed  as  s*  and  its  purpose  is  to  take  into  account  the 
states  which  were  not  included  in  the  minimum  basis  set.  In 
the  calculations  above,  the  two-center  approximation  of  the 
interatomic  potential  matrix  elements  has  been  used.  sp3s 
model  has  13  parameters,  their  values  for  some  elements, 
including  Si  and  Ge,  were  given  in  [5], 

The  solution  of  a  stationary  Schrodinger  equation  in  this 
model,  may  be  reduced  to  secular  matrix  diagonalization. 
Matrix  diagonalization  was  done  numerically.  Dispersive 


zone  are  shown  in  Fig.  la,b. 

a  b 


Fig.l  The  energy  band  structure  of  Ge  (a)  and  Si  (b). 

The  results  of  these  calculations  are  in  good  agreement  with 
those  obtained  earlier  for  these  materials  through  other 
methods. 

Band  structure  of  superlattices 

Band  structure  of  superlattices  depends  mainly  upon  growth 
direction  and  number  of  atomic  layers  in  the  superlattice 
period.  Let  us  regard  superlattice  as  a  set  of  atomic  layers, 
which  are  perpendicular  to  the  [001]  growth  direction, 
repeating  periodically  in  space.  In  this  case  each  plane 
contains  atoms  of  one  type  only,  with  two  different  atom 
positions.  Different  type  planes  alternate  in  space.  These 
planes  are  simple  two-dimensional  square  lattices.  The 
distance  between  planes  is  a/4  (a  is  a  lattice  constant  of 
diamond  structure).  The  couple  of  such  planes  is  called 
monolayer  or  simply  layer.  Band  spectrum  of  superlattice 
with  fixed  layer  number  was  calculated  by  numerical 
diagonalization  of  matrix  in  some  point  k  of  Brillouin  zone 
[15].  Brillouin  zone  structure  is  determined  by  the  number  of 
Si  and  Ge  layers  in  Sin/Ge,,,  superlattice.  For  even  (n+m)/2, 
superlattice  structure  is  orthorhombic.  If  at  least  one  of  n  or 
m  is  odd,  then  the  structure  is  tetragonal.  We  will  consider 
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the  case  when  n  and  m  are  even. 


Fig.2  The  Brillouin  zone  for  superlattices  with  even  (n+m)/2. 

Band  structure  of  Si2/Ge2  superlattice  along  T-M  direction  is 
shown,  for  example,  in  Fig.  3 


Fig.3  The  band  structure  of  Si2/Ge2  superlattice. 


Heat  conductivity 

The  determination  of  superlattice  heatconductivity  remains  a 
complex  problem.  In  [6]  the  authors  estimate  lattice 
contribution  in  heatconductivity  k  by 

K  ph  =  1  /  3Cvv/  (1) 

where  1  is  the  phonon  mean  free  path,  v  is  the  sound  velocity, 
Cy  is  the  heat  capacity. 

If  the  layer  thickness  is  greater  than  10A  then  the  existence  of 
superstructure  does  not  effect  the  mean  free  path  and  the 
value  of  layer  lattice  heatconductivity  is  close  to  the  bulk 
value.  In  [7]  lattice  heat  conductivity  is  estimated  as  the  mean 
value  of  heat  conductivity  components 

K  =  f£i  till  (2) 

a  +  b 

where  a  and  b  are  layer  thickness,  kj  and  K2  their  heat 
conductivity. 

The  anysotropy  of  physical  properties  is  a  characteristic 
feature  of  SL  structures,  caused  by  layers  growth  direction. 
This  fact  is  important  for  the  study  of  heat  and  current  flows. 
That  is  why  the  calculation  of  effective  heat  conductivity  was 
done  with  inhomogeniousness  of  SL  material  being  taken  into 
account.  Formula  for  this  calculation  is  propoused  in  next 


section.  However,  such  macroscopical  evaluation  of  k  is 
rather  rude  for  SL  because  it  can  not  discribe  the  complex 
process  of  heat  transfer  through  the  boundaries  of  different 
layers  in  SL  microscopically.  In  order  to  take  into  account  the 
peculiarities  of  heat  conductivity  of  microsystems  one  can 
use  methods  of  computer  modelling  [8,9]  and  molecular 
dynamics  method  as  well. 


Thus  we  have  used  this  method  for  heat  transfer  modeling  in 
1-dimensional  chain  with  the  aim  to  elaborate  possible 
directions  of  solving  of  this  complex  problem. 


Fig.4.  The  model  of  one-dimensional  chain. 


Monoatomic  chain,  consisting  of  two  atom  species,  which 
were  disordered  in  some  way  as  well  as  ordered  combinations 
which  model  SL,  were  studied.  It  was  supposed  that  the  ends 
of  chain  are  in  contact  with  thermostat.  Molecular  dynamics 
method  was  used.  According  to  this  method  all  atoms  were 
treated  as  rigid  spheres.  Interaction  between  the  spheres  is 
discribed  by  the  Lenard-Jhons  potential.  The  motion  of  such 
particles  is  discribed  by  the  laws  of  classical  mechanics.  The 
atoms  at  the  ends  of  chain  interact  in  random  moments  of 
time  with  heat  reservoirs.  Only  nearest  neighboring 
interaction  is  taken  into  account.  Zero  and  N+l  atoms  have 
infinite  masses,  first  and  N-th  atoms  interact  with 
thermostates  (hot  and  cold  ones).  Numerical  integration  of 
equations  of  motion  was  done  with  the  help  of  Verle 
algorithm  in  a  rapid  form  [10] 

We  assume  that  initially  the  atoms  are  positioned  along  the 
chain  with  the  equal  distance  between  them.  Every  atom  was 
characterised  by  the  random  value  of  velocity  Vj,  which 

correspond  to  the  average  temperature  of  hot  and  cold 
thermostats.  Random  parameters  which  were  necessery  for 
algorithm  realization  were  generated  with  the  help  of  random 
values  generator. 

The  local  temperature  on  the  i-th  particle  was  defined  as  a 
sum  of  kinetic  and  potential  energy. 

Heat  flow  stream  through  hot  and  cold  ends  of  chain  was 
determined  as  an  energy  of  transition  between  the  last  atom 
of  chain  and  thermostat  divided  by  time  interval  of 
experiment. 

At  any  specific  moment  the  interaction  energy  was 
determined  as  difference  of  atom  energy  after  the  interaction 
with  thermostat  and  before  the  interaction. 
8E°a  =  m  a  (va  )2  /  2  -  ma{Vay  /  2  (3) 

The  cryterion  of  the  equilibrium  of  the  system  is  an  equality 
of  flows  at  the  ends  of  chain.  In  our  numerical  expirement  the 
difference  of  flows  was  at  the  level  lower  then  1%. 

The  heat  conductivity  k  was  determined  with  the  help  of  heat 
flow  and  gradient  temperature.  Obtained  results  are  in  a 
qualitative  agreement  with  the  results  of  other  authors  [11- 
12],  This  fact  may  serve  as  an  indication  of  correctness  of  the 
model  and  numerical  calculations.  Thus,  this  approach  was 
applied  to  the  modelling  of  the  heat  transfer  processes  in  the 
SL.  The  results  of  calculation  in  this  case  are  shown  in  Fig  5. 
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The  dependence  of  heat  conductivity  upon  the  number  of 
heavy  atoms  in  the  chain  with  a  constant  ratio  of  heavy  and 
light  atoms  was  investigated.  The  incresae  of  number  of 
heavy  atoms  corresponds  to  the  descrease  of  scattering  centers 
per  length  unit.  Therefore  the  heat  conductivity  increases. 

This  ideal  model  needs  generalisation  for  two-  and  three- 
dimensional  cases. 

Electric  conductivity  and  Zeebeck  coefficient 
The  calculation  of  superlattice  kinetic  coefficients  was  done 
with  account  of  SL  structure  peculiarities  as  a  system  of 
parallel  layers  of  some  materials  [13],  To  simplify  the 
calculations  we  assumed  both  materials  to  be  isotropic.  The 
generalization  for  the  anisotropic  case  is  known  [13,14]  and 
does  not  change  qualitatively  the  results. 

There  were  regarded  the  cases  when  the  currents  are  directed 
parallel  and  perpendicular  to  the  SL  layers. 

1. Current  is  perpendicular  to  the  SL  layers. 


O"  \ rrr 

oc  =  — —  (cra  +qab)W,  (4) 

a 

X*  .  ,  TT. 

Yc  =  -^-2-  iy*+<irbW>  (5> 

a 

a  a  a  a  +  q  a  b  a  b  (6) 

(X  c  ~~  • 

o  a  +  q<Tb 

The  parameters  q,W,  and  h  are 

=  b<xaKa  (7) 

aabKb  ’ 


W={a  +  b)[{ya  +qyb)(<7a+qo-b)- 
T(aaaa+qabab)2r' 

K  =  q—,K=q—-  <9> 

Ya 

y  =  tc  +  T  era  2  (10) 

where  y  includes  lattice  and  electron  components  of  heat 
conductivity.  The  calculations  of  electric  conductivity  and 
Zeebeck  coefficient  were  done  in  the  relaxation  time 
approximation  with  well  known  scattering  mechanisms  for 
the  bulk  materials  being  taken  into  account.  Fermi  level  is 
calculated  from  the  neutrality  equation. 

Density  of  states  was  calculated  from  the  energy  spectrum  of 
SL  which  was  found  earlier 

N(s)  =  Z  S{e- sn(k))  ,  (H) 

where  n  denotes  bands.  Summation  over  k  was  done  with  the 
help  of  uniform  splitting  of  l/8th  part  of  Brillouine  zone  by 
2000  points.  N(e)  is  shown  in  Fig.6. 

The  calculated  density  of  states  and  Fermi  level  allow  us  to 
find  a  and  cr,  which  are  shown  in  Fig.7-8  (curve  1). 


conductivity  and  Zeebeck  coefficient  have  higher  values  for 
this  current  direction  than  in  previous  case. 


Fig.  5  The  dependence  of  heat  conductivity  upon  the  number 
of  heavy  atoms  in  the  chain. 

2.Current  is  parallel  to  the  layers.  In  this  case 
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=  aCTo 
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+  b  cr  b 
+  b 
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=  ay  a 
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Y  c 
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+  b 

a<j  a 

a a  +  b abab 
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Ct  c 

a 

O'  a  +  b  <Jb 

The  results  of  the  calculations  are  represented  in  Fig.9-10 
(curve  2).  By  comparing  the  figures  we  can  see  that  the 


S,eV 


Fig.6  The  density  of  states  of  superlattice. 

Figure  of  merit  Z  was  calculated  for  different  directions  and 
layer  thicknesses. 
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Fig.  8  The  dependence  of  Zeebeck  coefficient  vs  T. 
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Conclusion 

After  comparing  calculated  thermoelectric  parameters 
of  Si/Ge  superlattices  with  the  same  parameters  of 
bulk  Si,  Ge  and  Si-Ge  alloys,  we  can  make  a 
conclusion  about  the  higher  (along-the-layer 
directions)  values  in  the  region  of  room  (and  higher) 
temperatures.  However  these  estimations  require  the 
considaration  of  electron-phonon,  spin-orbital  and 
phonon-phonon  interactions  . 
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Abstract 

Recently  it  was  shown  theoretically  that  the  thermoelectric 
properties  of  certain  materials  can  be  enhanced  very  much  by 
preparing  them  in  the  form  of  one-dimensional  conductors  or 
quantum  wires.  For  this  it  was  supposed,  that  the  carriers 
mobility  is  the  same  both  in  quantum  wire  and  in  bulk 
material.  Using  the  model  of  quasi-one-dimensional 
cylindrical  quantum  wire  of  finite  radius  with  infinite 
potential  confinement,  we  have  calculated  the  mobility  as  a 
function  of  wire  thickness.  The  carriers  scattering  both  on 
optical  and  acoustical  phonons  is  taken  into  account.  It  is 
found  that  the  mobility  decreases  with  wire  thickness 
decreasing  from  values  greater  to  values  much  smaller  than 
bulk  one.  This  result  changes  drastically  the  conclusion  about 
significant  increase  in  figure  of  merit  of  materials  by 
preparing  them  in  form  of  quantum  wire  structures. 

Introduction 

Recently,  it  was  shown  [1,2]  that  it  may  be  possible  to 
increase  the  figure  of  merit  ZT  of  thermoelectric  materials  by 
preparing  them  in  the  form  of  quantum-well  structures.  This 
improvement  of  the  thermoelectric  properties  of  a  material  is 
achieved  as  a  result  of  an  effectively  two-dimensional  density 
of  states  for  the  free  carriers.  The  preliminary  experimental 
data  were  presented  [3]  for  the  confirmation  of  these 
predictions. 

It  was  also  investigated  the  figure  of  merit  of  materials 
prepared  in  the  form  of  one-dimensional  (ID)  conductors  or 
quantum  wires  [4].  It  was  shown  theoretically  that  this 
approach  could  yield  a  more  significant  increase  in  ZT  over 
both  the  bulk  value  and  the  calculated  earlier  two-dimensional 
quantum  wells  values.  This  increase  is  due  to  the  change  in 
the  density  of  states  in  one  dimension  case. 

At  present  the  technological  achievements  make,  in  principle, 
possible  to  fabricate  very  narrow  high  quality  quantum  wires 
[5]  in  which  only  the  lowest  subband  is  carriers  populated.  In 
such  systems  the  one-dimensional  motion  of  carriers  is 
realised  with  high  degree  of  precision.  One-dimensional 
conductors  were  also  obtained  by  the  encapsulation  of  metal 
filaments  in  carbon  nanotubes  [6,7].  Some  of  these  tubes  are 


1.5  nm  in  diameter.  These  nanotubes  could  be  encapsulated 
by  semiconductor  material  too.  So  the  prediction  of 
significant  increase  in  ZT  [4]  could  be  verified  experimentally. 
However  we  would  note  that  the  most  vulnerable 
approximation  used  in  paper  [4]  is  the  supposition  that  the 
mobility  of  carriers  is  the  same  both  in  the  one-dimensional 
conductors  and  in  bulk  material.  If  in  the  case  of  two- 
dimensional  quantum  -well  structures  [1,2]  such  assumption 
could  be  still  admitted  for  the  purpose  of  simplicity  but  in  the 
case  of  one  dimensional  conductors  the  state  of  art  is 
completely  different. 

The  transport  properties  of  quantum  wires  have  been 
previously  reported  (see  [8]  and  references  therein).  The 
calculation  of  carriers  mobility  in  ID  conductor  is,  in  general, 
a  complicated  problem,  because  the  disorder,  which  always  is 
present  in  real  systems,  leads  at  low  temperatures  to  the 
localisation  of  one  electron  states  and,  as  consequence,  the 
method  of  Boltzmann  kinetic  equation  is  not  applicable  [9]. 
Although,  as  it  was  shown  in  [10],  in  reasonable  high-quality 
low  disorder  quantum  wires,  the  localisation  length  may  be 
large  sufficient  for  nanoelectronic  or  even  microelectronic 
applications,  but  insufficient  for  thermoelectric  utilisation. 

On  the  other  hand,  for  thermoelectric  applications  higher 
temperatures  are  available,  and  it  is  established,  that  when  the 
phonon  scattering  becomes  the  main  electron  scattering 
mechanism  the  conductivity  may  be  determined  from  the 
kinetic  equation  [11]. 

In  this  paper,  our  interest  is  focused  on  the  study  of  the 
quantum-wire  carrier  mobility  as  a  function  of  wire  width 
when  the  ID  transport  is  realized.  It  is  of  special  importance 
to  analyse  the  carrier  mobility  in  ultrafine  semiconductor 
wires  with  a  typical  thickness  of  a  few  nanometers.  In  such 
thickness  range,  as  was  predicted  in  [4],  it  is  expected  to 
obtain  a  significant  increase  in  ZT.  Our  treatment  is  based  on 
the  kinetic  equation  method.  The  quantum  wire  is  modeled  as 
a  cylindrical  thread  of  radius  r0  with  infinite  potential  walls. 
The  scattering  of  electrons  both  on  optical  and  acoustical 
phonons  is  taken  into  account.  It  is  found  that  the  mobility 
decreases  with  the  wire  width  decreasing  and  for  widths  larger 
than  certain  value,  depending  of  material  parameters,  the 
mobility  is  higher  than  the  bulk  one.  At  the  same  time  for 
smaller  widths  the  mobility  is  less  than  in  the  bulk  case  and 
decreases  more  rapidly  with  the  wire  width  decreasing. 
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(6) 


Wire  model 


In  order  to  avoid  cumbersome  calculations  we  will  consider 
that  the  bulk  wire  material  has  a  simple  band  structure  with 
spherical  energy  surfaces.  We  also  assume  that  the  crystal 
lattices  and  dielectric  properties  of  both  materials  in  the 
quantum  well  and  an  adjoining  regions  are  the  same  so  that 
the  image  potential  contributions  and  the  formation  of 
localized  phonons  are  ignored  [12].  This  means  that  electrons 
of  quantum  wire  interact  only  with  the  bulk  longitudinal 
phonons. 

Let  us  take  that  the  x  direction  is  along  the  wire.  We  will  use 
either  rectangular  coordinates  x,y,z  or  cylindrical  x.p,  (p 

.The  electron  wave  function  ®(r)  is  given  by 

®(r)  =  ¥(; x)x(p ) ,  f  =  (x,p)  =  ( x,y,z ) ,  0) 


where  'F(x)  describes  the  free  electron  motion  along  the  wire, 

HKx)  =  L~'/2  exp(*v) ,  L  is  the  wire  length,  kx  is  the  wave 
vector  projection  in  the  x  direction.  The  function 
%{p)  describes  the  transversal  motion  of  the  electron.  For  the 

case  when  the  elections  occupy  only  the  lowest  (n  =  0) 
subband  of  quantum  well  we  have 
2Ap\ 

— —  ,  P<r0 

rQ  J  (2) 

0  ,  yO>r0 

where  J0  is  the  Bessel  function  of  zero  index.  The  energy  of 
electrons  is 


x(p)  = 


1.92 

V*T0 


<3> 

where  E0  is  the  energy  of  the  lowest  level  in  the  well  and  m 
is  the  electron  effective  mass. 

The  kinetic  equation  for  the  nonequilibrium  distribution 
function  fk  takes  the  form  of  ID  Boltzmann  equation  with 
the  collisional  integral 


ic  =IK*,-*a  -,.0-/0 

’*  ]  (4) 

where  Wk  k  is  the  scattering  probability  of  an  electron 
from  the  state  with  quasi-momentum  ti{kx  -  qx)  to  the  state 
tikx ,  calculated  in  Bom  approximation  ( q  is  the  phonon 
wave  vector): 


Wk  k  _q^  =  Z  |/(9y.9z)|  Al{ 

n  qy*it 

s\hco-q-E(kx-qx)+E{kx)\ 

+  [n(^-)  +  +  E{kx  ~  qx)~  £(0]  } 


(5) 


Here  the  scattering  form  factor  is  given  by 

/(«„«.>-  WxMew  x[p) 

and  the  matrix  element  Aq  of  electron-phonon  interaction  is 
the  same  as  in  the  bulk  case: 


A]  =  {lne2Ktiaq )  /  {V2),k  =  -  e~0 


(7) 


for  the  interaction  with  optical  phonons  and 

A2g  =  hdq  /(iVrjs)  (8) 

for  the  interaction  with  acoustical  phonons,  where  0  is  the 
deformation  potential  constant,  s  the  sound  velocity,  a-  the 

phonon  frequency,  n{o)^  the  phonons  distribution  function, 

V  the  system  volume,  Tj  the  mass  density,  e0  and  are  the 
static  and  high  frequency  dielectric  constants,  respectively. 

In  order  to  carry  out  further  analytical  calculations  we 
approximate  the  wave  function  (2)  by  a  Gaussian  [13] 

x[p) = i^o) 12 exp(~ p2! (2ro )) •  '  ' 


The  integral  (6)  can  be  now  calculated  and  we  obtain 
7(^.^)  =  exp[-(^  +  ^)r?/4 


(10) 


This  expression  describes  (6)  sufficiently  well,  especially  for 
small  values  of  qr0 .  However,  for  large  values  of  qr0  (10) 
decreases  to  zero  somewhat  faster  than  the  exact 
expression  (6). 


Mobility  calculation 

The  kinetic  equation  for  electron  distribution  function  was 
linearised  in  weak  field.  In  the  case  of  scattering  on  optical 
phonons  the  linearised  equation  was  resolved  by  the 
variational  method  using  the  simplest  approximate  function 
[14].  In  the  case  of  nondegenerate  electron  gas  we  obtain  for 

ID  mobility  p°pD 

„°p  (11) 

-^  =  8^(^0/(2A0r))x 

P  3  D 

pc  r2x  f  r2x  ha  hcox'\ 
3f-,^)eXP^ “  2k  Tx  ~  8 kj ) 


where  p\pD  is  the  mobility  in  the  bulk  3D  system,  calculated 
with  the  same  approximate  function  [14],  is  the  modified 
Bessel  function  of  the  second  kind  [15],  £[(*)  is  the 
exponential  integral  function  [15],  l2  =hlmco0,  co0  is  the 
limit  phonon  frequency. 

It  is  interesting  to  carry  out  the  numerical  calculations  of  (1 1) 
for  a  wire  of  a  thermoelectric  material.  Note,  that  all 
thermoelectric  materials  have  a  many  valley  band  structures 
and  anisotropic  effective  masses.  Therefore  the  calculation 
according  to  (11)  can  serve  only  for  a  qualitative  estimate. 
Below  we  will  discuss  what  modifications  in  the  values  of 
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7C  en  rjs 


fuw  one  can  expect  if  a  more  accurate  calculations  will  be 
made. 

Numerical  calculations  were  made  for  wires  of  material  with 
parameters  of  bulk  PbTe:  =  33,  £Q  =400,  ftco0  -  13.6 

meV,  m  -  0, 038w0  ( m  is  the  transport  effective  mass  and  m0 
is  the  free  electron  mass). 


Figure  1  :  Calculated  mobilities  ffPD  (curves  1  and  2)  and 
jfcD  (curves  3  and  4),  expressed  through  jj°pd  ,  as  a  function 
of  wire  diameter  for  PbTe  parameters.  Curves  1  and  3, 
T=200K;  curves  2  and  4,  T-300K. 


Fig.l  shows  the  results  and  reveals  clearly  that  M°w/ mTd 
decreases  as  the  wire  diameter  d  =  2r0  decreases  (curves  1 

and  2).  At  d  <  llOA  jfpD  is  less  than  mobility  juopD  in  bulk 
material  and  drops  sharply  when  d  achieves  values  of  20A. 
The  explanation  is  as  follows.  In  the  ID  case,  the  energy  and 
momentum  conservation  laws  impose  restrictions  only  on  the 
value  of  component  qx  of  phonon  wave  vector,  but  q  and 
qz  remain  arbitrary.  For  thin  wires  q  ,  qz  less  and  of  the 
order  of  1 /r0  are  important,  the  phase-space  region  involved 
in  scattering  is  large,  the  scattering  probability  is  large  too 
and,  as  consequence,  the  ID  mobility  is  low.  When  the  wire 
thickness  increases  the  scattering  phase-space  decreases  and 
jj]D  grows.  At  the  thickness  larger  than  approximately  300A 
the  electrons  start  to  fill  the  second  subband,  the  new 
scattering  canal  is  opened  and  the  mobility  must  drop  to  the 
bulk  value. 

In  the  case  of  electron  scattering  on  acoustical  phonons  one 
can  considered  the  scattering  processes  as  elastic  at  room 
temperature.  For  the  phonons  the  linear  dispersion  law  may  be 
still  used  coq  =  sq ,  where  s  is  the  longitudinal  sound 

velocity.  For  the  mobility  ffXD  an  analytical  expression  was 
obtained 


M 


ac  _ 
ID  ~ 


,3/2 


9'm*l 2 


k  T 
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1/2 
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1  -  pep  E^(p) 


ms2E0 
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For  PbTe  77=  7,6  g I  cm3 ,  q  =  18  eV,  s  =  3,6  x  105  cm/s  [16]. 
As  can  be  seen  from  (12),  the  mobility  fiXD  decreases  when 
the  energy  E0  increases  and,  consequently,  the  wire  width 
decreases.  Note  that  the  value  of  E0  can  not  be  very  small,  so 
as  only  the  lowest  subband  was  occupied  by  electrons. 

The  comparison  of  jfXD  with  respective  bulk  value  jufD 
shows  that  as  a  result  of  increase  of  scattering  phase-space 
Mw  is  always  lower  than  /f‘D .  But  ffXD  is  much  higher  than 


jfpD  and  ju°pD  for  d  >  40A  (see  curves  3  and  4  in  Fig.l).  So  at 

room  temperature  for  d>  40  A  the  main  scattering 
mechanism  in  this  approach  is  the  electrons  scattering  on 
longitudinal  optical  phonons,  while  for  smaller  widths  it  need 
to  take  into  account  also  the  scattering  on  acoustical  phonons. 
However  resulting  mobility  drops  sharply.  In  Fig.  1  one  can 
see  also,  that  in  the  examined  temperature  interval  the 
temperature  variation  of  ID  mobility  is  small  as  compared 
with  bulk  mobility  for  scattering  both  on  acoustical  and 
optical  phonons. 

The  analysis  of  curves,  presented  in  Fig.  1  show  that  the 
conclusion  of  potential  significant  increase  in  the  figure  of 
merit  with  decreasing  well  width  in  quantum  wires  is  not  so 
simple  as  it  was  demonstrated  in  [4].  At  width  of  order  of  10A 
when  ZWT  of  up  to  6  is  predicted  [4],  the  ID  mobility  drops 
drastically.  So  the  approximation  of  constant  relaxation  time, 
used  in  [4],  can  not  be  justified  for  ID  conductors.  The 
expected  values  of  ZWT for  the  thinnest  wires  will  be 
substantially  lower  than  it  was  predicted  in  [4].  More  accurate 
calculations  taking  into  account  the  many  valley  band 
structure  and  anisotropic  effective  masses  in  PbTe  does  not 
change  this  conclusion.  For  example,  if  the  wire  is  fabricated 
along  the  x  direction  which  coincides  with  [100]  ail  four 
valleys  of  the  Brillouin  zone  in  bulk  PbTe  give  the  same 
contribution  to  the  conductivity.  But  the  electron  effective 

mass  in  this  direction  becomes  mx  *  ^m1+  /  3  ,  where 


//2|j  =  0,24 m0  and  m±  =0.024 mQ  are  the  bulk  longitudinal 
and  transversal  effective  masses,  respectively,  and  mx  is  2,8 


times  greater  than  transport  effective  mass.  As  a  result,  the 
ID  mobility  will  be  lower  as  compared  with  calculated  higher 
for  scattering  both  on  optical  and  acoustical  phonons.  A  more 
realistic  calculations  of  electrical  conductivity,  Seebeck 
coefficient  and  thermal  conductivity  of  quantum  wires  are 
needed  for  the  evaluation  of  thermoelectric  opportunities  of 
materials  prepared  in  form  of  quantum  wires. 
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Conclusions 

We  have  calculated  the  carriers  mobility  in  quasi-one- 
dimensional  quantum  wire  on  the  basis  of  material  with  the 
parameters  of  bulk  PbTe  within  the  model  of  a  cylindrical 

wire  of  finite  radius  Tq  with  infinite  potential  walls.  The  wire 
are  considered  as  thin  so  electrons  populate  only  the  lowest 
subband.  In  the  nondegenerate  case  we  found  that  for  wire 
thickness  greater  than  approximately  40A  the  main  scattering 
mechanism  at  room  temperature  is  the  electrons  scattering  on 
the  optical  longitudinal  phonons.  While  for  smaller  thickness 
it  need  to  take  into  account  also  the  scattering  on  acoustical 
phonons.  The  electron  mobility  decreases  rapidly  with 
decreasing  of  quantum  well  width,  especially  at  very  thin 
wires.  This  effect  changes  considerably  the  predicted  in  [4] 
significant  increase  in  the  figure  of  merit  of  materials  prepared 
in  the  form  of  quantum  wires  over  both  the  bulk  value  and  the 
two-dimensional  structures  values.  In  order  to  determinate  the 
thermoelectric  opportunities  of  materials  prepared  in  form  of 
quantum  wires,  a  more  detailed  calculations  of  electrical 
conductivity  of  quantum  wires  ,  Seebeck  coefficient  and 
thermal  conductivity  are  needed. 
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Abstract 

A  low  lattice  thermal  conductivity  is  one  of  the 
requirements  to  achieve  high  thermoelectric  figures  of  merit. 
Several  low  thermal  conductivity  materials  were  identified  and 
developed  over  the  past  few  years  at  JPL,  including  filled 
skutterudites  and  ZruSba -based  materials.  A  study  of  the 
mechanisms  responsible  for  the  high  phonon  scattering  rates 
in  these  compounds  has  demonstrated  that  materials  with 
highly  disordered  or  complex  structures  which  can 
accommodate  additional  atoms  in  their  lattice  are  likely  to 
have  low  lattice  thermal  conductivity  values.  Several  cluster 
compounds,  including  the  Chevrel  phases  (MoeSes-type)  and 
Re6Tei5,  are  just  such  materials  and  are  currently  being 
investigated  at  JPL.  The  crystal  structures  of  the  Chevrel 
phases  present  cavities  which  can  greatly  vary  in  size  and  can 
contain  a  large  variety  of  atoms  ranging  from  large  ones  such 
as  Pb  to  small  ones  such  as  Cu.  These  atoms  are  not  localized 
in  the  structure  and,  depending  on  their  size,  can  move 
between  different  sites  and  may  produce  significant  phonon 
scattering.  Although  most  of  the  Chevrel  phases  studied  until 
now  were  reported  to  be  metallic,  it  was  found  that 
semiconducting  Chevrel  phases  can  be  engineered  by 
controlling  the  number  of  electrons  per  [Mog]  cluster.  Initial 
results  obtained  on  some  cluster  Chevrel  phases  and  ReeTeis 
are  presented  and  discussed.  These  materials  possess  very  low 
thermal  conductivity  values  (~  10  mW/cmK  at  300K)  but 
optimization  of  their  electronic  properties  will  be  required  to 
achieve  high  thermoelectric  figures  of  merit. 

Introduction 

Renewed  interest  in  the  search  for  thermoelectric  materials 
with  superior  properties  has  been  driven  by  several  factors. 
The  availability  and  identification  of  new  compounds  and 
concepts  as  well  as  economical  and  environmental  concerns 
have  substantially  contributed  to  the  revival  of  the 
thermoelectric  field.  Several  new  ideas  have  been  recently 
reviewed  [1].  One  of  the  new  approaches  is  to  look  at 
materials  which  can  be  referred  to  as  “rattling” 
semiconductors.  The  idea  was  originally  proposed  by  Slack 
[2]  who  suggested  that,  in  crystals  containing  loosely  bound 
atoms,  phonons  should  be  scattered  more  strongly  than 
electrons  (holes).  He  called  such  an  ideal  thermoelectric 
material  a  “phonon-glass,  electron-crystal”-(PGEC).  Efforts  to 
identify  new  classes  of  thermoelectric  materials  initiated  at  the 
Jet  Propulsion  laboratory  (JPL)  in  1991  have  resulted  in  the 
discovery  of  several  materials  with  superior  thermoelectric 
properties,  including  skutterudites  and  ZmSba-based  materials 
[3-5].  Studies  on  skutterudites  initially  focused  on  binary 
compounds  but  it  became  soon  clear  that  thermoelectric 
figures  of  merit  (ZT)  greater  than  those  obtained  for  state-of- 
the-art  thermoelectric  materials  would  not  be  achieved  if  the 
lattice  thermal  conductivity  could  not  be  significantly  reduced. 


One  of  the  features  of  the  skutterudite  compounds  is  the 
presence  of  voids  in  their  crystal  structure.  These  cavities  can 
be  filled  by  various  atoms  which  are  believed  to  produce  an 
important  phonon  scattering,  resulting  in  a  significant 
reduction  in  lattice  thermal  conductivity  and  superior 
thermoelectric  properties  [5-8]. 

These  findings  support  the  concept  initially  proposed  by 
Slack.  Other  crystalline  materials  containing  loosely  bound 
atoms  have  also  been  reported  to  posses  thermal  conductivity 
close  to  the  calculated  theoretical  minimum  [9].  We  have 
conducted  a  search  to  identify  new  classes  of  materials  with 
crystal  structures  that  can  host  “rattling”  atoms  and  to 
investigate  their  thermoelectric  properties.  We  describe  in  this 
paper  several  cluster  compounds  which  present  such  attributes: 
Chevrel  phases  and  Re6Tei5-based  compounds  recent 
experiments  show  that  they  possess  very  low  thermal 
conductivity  and  a  good  potential  for  thermoelectric 
applications. 

Chevrel  phases 

Structure  and  physical  properties 

Ternary  chalcogenides  of  formula  MxMo6X8  (M=  Cu,  Ag, 
Ni,  Fe,  rare  earth,  etc.)  and  X  =  S,  Se,  or  Te  have  been 
known  since  the  1970’s.  They  have  attracted  considerable 
interest  because  of  their  superconducting  properties  with  large 
critical  magnetic  fields  [10].  They  were  first  synthesized  by 
Chevrel  et  al.  in  1971  [11]  and  therefore  are  often  referred  to  as 
Chevrel  compounds.  The  ternary  phases  have  structures 
closely  related  to  those  of  binary  molybdenum  chalcogenides 
Mo6X8  (X-  S,  Se,  Te). 


Figure  1 :  Illustration  of  the  Mo6X8  (X  =  S,  Se,  Te)  building 
block  of  the  rhombohedral  Chevrel  phase  structure. 

The  Mo6X8  unit  is  illustrated  in  Figure  1  and  consists  of 
an  [Mo6]  octahedron  “cluster”  surrounded  by  eight  chalcogens 
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arranged  in  a  distorted  cube.  The  rhombohedral  Chevrel  phase 
consists  of  a  stacking  of  MoeXg  units  and  contains  channels 
where  additional  metal  atoms  can  be  inserted,  forming 
MMoeXg  compounds  where  M  can  be  a  variety  of  atoms  from 
small  to  large  ones  (M=  Ag,  Sn,  Ca,  Sr,  Pb,  Ba,  Ni,  Co,  Fe, 
Cr,  Mn,  ...  ;  for  a  complete  list  see  for  example  [12]).  The 
cavities  in  the  Chevrel  structure  are  empty  in  the  binary 
compounds  such  as  MoeTeg  and  are  filled  by  the  M  atoms  in 
the  ternary  compounds  MxMo6X8.  The  largest  of  the  voids  in 
the  Chevrel  structure  has  nearly  a  cubic  shape  formed  by  8 
chalcogen  atoms  as  illustrated  in  Figure  2a.  Large  atoms  such 
as  Pb  or  La  can  exclusively  occupy  these  large  voids  with  a 
filling  factor  limit  corresponding  to  x~l .  Smaller  atoms  such 
as  Cu,  Ni  or  Fe,  for  example  can  be  inserted  in  12  different 
smaller  holes  with  irregular  shapes  in  the  chalcogen  channels 
as  illustrated  in  Figure  2b.  For  small  atoms,  the  upper 
occupancy  limit  was  experimentally  found  to  be  corresponding 
to  x=4.  It  is  also  important  to  point  out  that  the  shapes  and 
sizes  of  the  interstices  depend  on  the  composition  and  degree 
of  filling.  The  thermal  behavior  of  MxMo6X8  compounds  has 
been  studied  by  Yvon  [10].  One  of  the  results  of  these  studies 
is  that  it  appears  that  the  M  atoms  are  systematically  not 
confined  in  a  fixed  position,  are  weakly  bound  and  small 
atoms  in  particular  are  able  to  move  between  the  12  different 
lattice  sites.  The  motion  of  these  atoms  within  the  lattice  may 
be  particularly  effective  in  scattering.  Data  on  thermal 
conductivity  of  MxMo6X8  ternary  compounds  would  therefore 
be  of  great  interest. 

As  we  mentioned  above,  these  compounds  have  been 
mainly  investigated  for  their  superconducting  properties.  To 
the  best  of  our  knowledge,  no  data  exists  on  the  thermoelectric 
properties  of  Chevrel  phases.  Many  of  their  physical  properties 
appear  to  be  linked  to  the  number  of  electrons  per  Mo  atom  in 
the  cluster.  This  quantity,  often  referred  to  as  “cluster-valence- 
electron”  (cluster-VEC)  is  calculated  by  adding  the  valence 
electrons  of  M  atoms  to  the  valence  electrons  of  Mo  atoms,  by 
subtracting  the  number  of  electrons  required  to  “fill”  the  octets 
of  the  chalcogen  atoms  and  dividing  the  result  by  the  number 
of  Mo  atoms  [13].  Chevrel  phases  are  formed  for  cluster  VEC 
numbers  between  3.3  and  4.  [13].  In  addition,  band  structure 
calculations  results  predicted  an  energy  gap  in  the  electronic 
structure  for  4  valence  electrons  per  Mo  atom  in  the  cluster 
[14].  The  “magic”  number  of  4  is  met  in  the  compound 
CmMoeSg  although  the  semiconducting  nature  of  this 
compound  was  not  confirmed  experimentally.  Values  of  4  are 
also  attained  in  mixed-metal  cluster  compounds  such  as 
Mo2Re4Se8  and  Mo4Ru2Se8  [15,16]  and  these  compounds 
were  found  to  be  semiconductors,  supporting  the  idea  of  an 
energy  gap  in  the  band  structure  of  the  Chevrel  phases  with  a 
“magic”  cluster  VEC  number  of  4. 

We  have  recently  synthesized  and  investigated  the 
thermoelectric  properties  of  the  compound  Mo2Re4Se8  [17],  a 
pseudobinary  compound  with  a  VEC  of  4.  The  results 
confirmed  the  expected  semiconducting  nature  of  this  material. 
However,  it  was  found  that  only  very  small  amounts  of  an 
additional  element  M  such  as  Sn  can  be  introduced  in  the 
compound  [15].  This  might  be  explained  by  the  fact  that  the 
cluster  VEC  is  already  at  4  and  the  bands  below  the  gap  are 
completely  filled,  preventing  the  insertion  of  additional  M 
atoms.  Other  approaches  must  thus  be  considered  to  study  the 
effect  of  void  fillers  on  the  thermal  conductivity  of 


Figure  2b 

Figure  2;  Illustrations  showing  the  positions  of  filling  atoms 
in  the  cavities  of  the  Chevrel  crystal  structure  (after  reference 
[10]).  The  figures  represent  a  projection  of  the  crystal  structure 
on  the  hexagonal  (1120)  plane.  The  large  atoms  of  Pb  in 
PbMo6S8  occupy  cube  shaped  chalcogen  holes  (2a)  whereas 
small  Cu  atoms  can  be  distributed  over  12  different  sites  in 
the  chalcogen  network  of  CuxMo6S8  (xniax=4)  (2b). 

semiconducting  Chevrel  phases.  In  the  CuxMo6S8  system, 
compositions  with  x=4  have  been  reported  [18]  and,  assuming 
that  the  Cu  has  an  oxidation  state  of  +1,  the  ionic  formula 
would  be  Cu4+Mo62+S82\  The  “magic”  cluster  VEC  number  cf 
4  is  met  in  this  compound  which  should  be  semiconducting. 
Another  possibility  to  explore  is  to  prepare  semiconducting 
Chevrel  phases  combining  void  fillers  and  a  mixed  cluster 
(Mo6-xM’x,  where  M’  is  a  metal)  to  achieve  the  “magic”  VEC 
number  of  4.  For  example,  an  hypothetical  compound 
Cu2Mo3Re3Se8  would  have  a  cluster  VEC  of  4  and  should  be 
a  semiconductor.  Such  a  compound  would  be  particularly 
attractive  because  phonons  would  presumably  be  scattered  by 
both  point  defects  and  the  void  fillers.  We  are  currently 
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investigating  some  of  these  approaches  and  synthesized  several 
(Fe,Co)xMo6Seg  filled  compositions.  Assuming  an  oxidation 
state  of  2+  for  Fe  and  Co  these  compositions  have  a  VEC  of  4 
for  x=2  and  therefore  should  be  semiconducting.  The  details  of 
the  sample  preparation,  characterization  and  transport 
properties  measurements  as  well  as  their  thermoelectric 
properties  are  presented  and  discussed  in  the  following 
sections. 

Experimental 

Single  phase,  polycrystalline  samples  of  (Fe,Co)xMo6Se8 
were  prepared  by  mixing  and  reacting  stoichiometric  amounts 
of  iron  (99.99%),  cobalt  (99.999%),  molybdenum  (99.999%), 
and  selenium  (99.999%)  powders.  The  powders  were  first 
mixed  in  a  plastic  vial  using  a  mixer  before  being  loaded  into 
quartz  ampoules  which  were  evacuated  and  sealed.  The 
ampoules  were  then  heated  at  1473K  for  2  days.  A  total  cf 
three  anneals  at  1473K  for  2  days  each  and  with  intermediate 
crashing  and  grinding  was  necessary  to  obtain  single  phase 
materials.  The  samples  were  analyzed  by  x-ray  diffractometry 
(XRD)  after  each  anneal.  The  powders  were  then  hot-pressed 
in  graphite  dies  into  dense  samples,  10  mm  long  and  6.35 
mm  in  diameter.  The  hot-pressing  was  conducted  at  a  pressure 
of  about  20,000  psi  and  at  temperatures  between  1123  and 
1273  K  for  about  2  hours  under  argon  atmosphere.  The 
density  of  the  samples  was  calculated  from  the  measured 
weight  and  dimensions  and  was  found  to  be  about  95%  of  the 
theoretical  density. 

X-ray  diffractometry  analysis  (XRD)  was  performed  at 
room  temperature  on  a  Siemens  D-500  diffractometer  using 
Cu-Karadiation.  Small  additions  of  Si  powders  were  made  to 
the  samples  as  an  internal  standard.  Powder  x-ray  patterns 
were  taken  with  scan  steps  of  20=0,05°  and  counting  time  cf 
3  s.  Microprobe  analysis  (MPA)  was  performed  on  these 
samples  to  determine  their  atomic  composition  using  a  JEOL 
JXA-733  electron  superprobe  operating  at  20xl03  Volts  (V)  cf 

_9 

accelerating  potential  and  25x10  Amperes  (A)  of  probe 
current.  Pure  elements  were  used  as  standards  and  x-ray 
intensity  measurements  of  peak  and  background  were 
conducted  by  wavelength  dispersive  spectrometry.  The  shear 
and  longitudinal  sound  velocities  were  measured  at  room 
temperature  on  a  sample  about  8  mm  long  using  a  frequency 
of  5  Mhz. 

Samples  in  the  form  of  disks  (typically  a  1 .0  mm  thick, 
6.35  mm  diameter  slice)  were  cut  from  the  cylinders  using  a 
diamond  saw  (perpendicular  to  the  pressing  direction)  for 
electrical  and  thermal  transport  property  measurements.  All 
samples  were  characterized  at  room  temperature  by  Seebeck 
coefficient,  Hall  effect  and  electrical  resistivity  measurements. 
High  temperature  resistivity,  Hall  effect,  Seebeck  coefficient, 
thermal  diffusivity,  and  heat  capacity  measurements  were  also 
conducted  on  selected  samples  between  room  temperature  and 
about  1000K.  The  electrical  resistivity  (p)  was  measured 
using  the  van  der  Paw  technique  with  a  current  of  100  mA 
using  a  special  high  temperature  apparatus  [19].  The  Hall 
coefficient  (Rh)  was  measured  in  the  same  apparatus  with  a 
constant  magnetic  field  value  of  ~  10,400  Gauss.  The  carrier 
density  was  calculated  from  the  Hall  coefficient,  assuming  a 
scattering  factor  of  1.0  in  a  single  carrier  scheme,  by  p/n  = 
l/RHe,  where  p  and  n  are  the  densities  of  holes  and  electrons, 


respectively,  and  e  is  the  electron  charge.  The  Hall  mobility 
(|IH)  was  calculated  from  the  Hall  coefficient  and  the  resistivity 
values  by  (Ih  =  Rn/p-  Errors  were  estimated  to  be  ±  0.5%  and 
±  2%  for  the  resistivity  and  Hall  coefficient  data,  respectively. 
The  Seebeck  coefficient  (a)  of  the  samples  was  measured  on 
the  same  samples  used  for  electrical  resistivity  and  Hall 
coefficient  measurements  using  a  high  temperature  light  pulse 
technique  [20].  The  error  of  the  Seebeck  coefficient 
measurement  was  estimated  to  be  less  than  ±  3%.  The  heat 
capacity  and  thermal  diffusivity  were  measured  using  a  flash 
diffusivity  technique  [21].  The  thermal  conductivity  (A)  was 
calculated  from  the  experimental  density,  heat  capacity,  and 
thermal  diffusivity  values.  The  overall  error  in  the  thermal 
conductivity  measurements  was  estimated  to  be  about  ±  10%. 

Results  and  discussion 

The  electrical  resistivity  and  Seebeck  coefficient  values  for 
Mo6Se8,  Mo2Re4Se8  and  (Fe,Co)xMo6Se8  Chevrel  phases  are 
shown  in  Figures  3  and  4,  respectively. 


1000/T  (K) 


Figure  3:  Electrical  resistivity  versus  inverse  temperature  for 
Mo6Se8,  Mo2Re4Se8  and  (Fe,Co)xMo6Se8  Chevrel  phases 

The  Seebeck  coefficient  and  electrical  resistivity  for  MosSes 
are  typical  of  a  metal.  For  Mo2Re4Se8  (with  a  VEC  of  4),  the 
conductivity  is  n-type  ,  the  Seebeck  coefficient  values  are 
relatively  large  (up  to  -  200  pV/K  at  1 100K)  and  the  electrical 
resistivity  decreases  with  increasing  temperature.  This  clearly 
indicates  a  semiconducting  behavior  which  is  consistent  with 
the  VEC  ‘magic’  number  of  4.  For  (Fe,Co)xMo6Se8 
compositions,  it  was  determined  by  MPA  that  the  fraction,  x, 
of  Fe  and  Co  in  the  samples  was  comprised  between  0.8  and 
1.2  presumably  due  to  some  material  losses  during  the 
synthesis  process.  Therefore,  the  VEC  for  these  compositions 
ranges  between  3.6  and  3.7.  For  these  samples,  the  Seebeck 
coefficient  as  well  as  the  electrical  resistivity  are  slightly 
increased  compare  to  MoeSes  and  the  samples  are  semi- 
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metallic.  Again,  this  seems  to  be  consistent  with  the  VEC 
rule  for  these  materials.  The  carrier  concentration  for  these 
filled  compositions  are  about  2  x  1021  cm'3  and  the  carrier 
mobility  is  about  1  cm2  V'1  s'1. 


Figure  4:  Seebeck  coefficient  versus  temperature  for  MoeSeg, 
Mo2Re4Se8  and  (Fe,Co)xMo6Se8  Chevrel  phases 

The  results  of  thermal  conductivity  measurements  are 
shown  in  Figure  5.  The  room  temperature  thermal 
conductivity  for  Mo6Seg  is  about  70  mW/cmK  and  the 
thermal  conductivity  decreases  with  increasing  temperature  to 
a  minimum  value  of  about  45  mW/cmK  at  1100K.  For 
Mo2Re4Se8,  the  thermal  conductivity  is  significantly  decreased 
with  a  room  temperature  thermal  conductivity  of  40 
mW/cmK.  Considering  the  relatively  large  electrical 
resistivity  values,  the  total  thermal  conductivity  shown 
corresponds  to  approximately  98%  of  the  lattice  contribution. 
The  thermal  conductivity  varies  approximately  as  T"1/2  which 
is  indicative  of  a  dominant  phonon  scattering  by  point  defects 
introduced  by  the  substitution  of  Re  for  Mo  atoms.  A 
remarkable  decrease  in  thermal  conductivity  is  obtained  for 
(Fe,Co)xMo6Se8  compositions.  The  room  temperature  thermal 
conductivity  is  about  13  mW/cmK  for  these  compositions  and 
the  thermal  conductivity  rises  with  increasing  temperature  as 
for  glass-like  materials.  The  lattice  thermal  conductivity 
values,  calculated  using  the  Wiedemann-Franz  law  assuming 
the  Lorenz  number  to  be  2.44  x  10'8  V2/K2,  are  represented  by 
the  dashed  lines  in  Figure  5  for  Mo6Seg  and  (Fe,Co)xMo6Se8 
compositions.  For  the  filled  compositions,  the  lattice  thermal 
conductivity  increases  from  a  room  temperature  value  of  10 
mW/cmK  to  13  mW/cmK  at  1100K.  As  we  pointed  out 
above,  these  compositions  are  semi-metallic  and  one  can 
expect  a  significant  electrical  carrier-phonon  scattering  which 
should  lower  the  lattice  thermal  conductivity.  However,  it  is 
known  that  this  type  of  phonon  scattering  cannot  lead  to  a 
glass-like  behavior  for  the  thermal  conductivity  and  therefore 
the  strong  decrease  in  the  thermal  conductivity  can 


predominantly  be  attributed  to  the  “rattling”  of  the  Co  or  Fe 
atoms  in  the  voids  of  the  Chevrel  structure. 


Figure  5:  Thermal  conductivity  versus  temperature  for 
Mo6Se8,  Mo2Re4Se8  and  (Fe,Co)xMo6Se8  Chevrel  phases.  The 
dashed  lines  represent  the  lattice  thermal  conductivity  for 
MoeSes  and  (Fe,Co)xMo6Se8  compositions.  The  calculated 
minimum  lattice  thermal  conductivity  is  also  reported  (see 
text  for  details  of  calculations). 

It  was  interesting  to  compare  the  experimental  values 
obtained  for  (Fe,Co)xMo6Se8  compositions  to  the  calculated 
minimum  thermal  conductivity,  a  concept  first  proposed  by 
Slack  [22]  and  later  developed  by  Cahill  et  al.  based  on  a 
model  due  to  Einstein  [9].  The  minimum  thermal 
conductivity  is  expressed  as  a  sum  of  three  Debye  integrals  by 

[9]: 

-0j/T 


Jo 


The  sum  is  taken  over  the  three  sound  modes  (two 
transverse  and  one  longitudinal)  with  speeds  of  sound  v*.  kB  is 
the  Boltzmann’s  constant,  n  the  atomic  density,  T  the 
temperature  in  K  and  0j=Vi  (h/27ckB)  (67i2n)1/3.  Usin^  the 
measured  transverse  and  longitudinal  of  1.52  x  103  ms"  and 
2.63  x  103  ms'1,  respectively  and  an  atomic  density  of  5.04  x 
1028  m"3,  we  calculated  the  minimum  thermal  conductivity 
values  for  Fe^MoeSeg.  The  results  are  reported  in  Figure  5. 
At  room  temperature,  the  calculated  value  is  about  3  times  the 
measured  value,  indicating  that  further  reduction  in  thermal 
conductivity  might  be  possible.  The  data  reported  for  the 
filled  compositions  in  Figure  5  correspond  to  materials  which 
are  about  50%  filled  and  future  studies  on  Chevrel  phases  will 
investigate  the  impact  of  various  degree  of  filling  on  the 
thermal  conductivity.  In  addition  to  the  filling  fraction,  the 
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effect  of  introducing  various  large  atoms  well  as  a 
combination  of  small  and  large  atoms  in  the  voids  should  be 
studied.  In  selecting  Chevrel  phases  for  further  investigations, 
one  should  obviously  also  pay  attention  to  the  VEC  which 
should  be  close  to  4  to  achieve  a  semiconducting  behavior. 
Preliminary  data  on  the  thermoelectric  properties  of  Chevrel 
phases  show  that  void  fillers  can  be  very  effective  in  producing 
significant  phonon  scattering,  resulting  in  relatively  low 
lattice  thermal  conductivity  values.  The  major  questions 
-which  remain  to  be  answered  to  fully  assess  the  potential  of 
thermoelectric  applications  are:  1)  how  low  can  the  thermal 
conductivity  be  decreased  ?  and  2)  can  semiconducting 
Chevrel  phases  with  good  carrier  mobility  be  obtained  ? 

ReeTeis 

The  structure  of  the  cluster  compound  IWTeis  was  studied 
in  details  by  Klaiber  et  al.  [23].  This  compound,  with  84 
atoms  per  unit  cell,  belongs  to  the  space  group  Pbca  with 
a=T3.003A,  b=12.935A  and  c=14.212A.  The  crystal  structure 
presents  some  similarities  with  the  Chevrel  phases  and  the  Re 
atoms  are  also  arranged  in  octahedral  [Ree]  clusters.  The 
thermoelectric  properties  of  this  compound  have  been  little 
studied  but  some  Seebeck  coefficient  and  electrical  resistivity 
data  can  be  found  in  the  literature  [23,24].  In  general,  the 
samples  were  characterized  by  high  Seebeck  coefficient  values 
as  well  as  high  electrical  resistivity  values.  To  be  best  of  our 
knowledge,  there  is  no  data  on  the  thermal  conductivity  cf 
this  compound.  The  heavy  atoms  constituting  the  compound 
as  well  as  the  large  number  of  atoms  per  unit  cell  could  give 
low  thermal  conductivity.  It  was  also  found  that  up  to  40%  cf 
the  Te  atoms  can  be  replaced  by  Se  atoms  [23]  and  this  offers 
further  possibilities  to  achieve  lower  thermal  conductivity  than 
for  the  binary  compound  ReeTeis  itself.  For  the  reasons 
mentioned  above  as  well  as  some  others  that  will  be  discussed 
in  the  one  of  the  following  section,  we  have  started  the 
preparation  and  characterization  of  Re6Tei5-based  materials. 
Initial  results  of  the  synthesis  and  characterization  of  the 
thermoelectric  properties  of  these  materials  is  presented  and 
discussed  in  the  following  sections. 

Experimental 

Single  phase,  poly  crystalline  samples  of  Re6Tei5-xSex  were 
prepared  by  mixing  and  reacting  stoichiometric  amounts  cf 
rhenium  (99.997%),  tellurium  (99.999%)  and  selenium 
(99.999%)  powders.  The  powders  were  first  mixed  in  a  plastic 
vial  using  a  mixer  before  being  loaded  into  a  quartz  ampoule 
which  was  evacuated  and  sealed.  The  ampoules  were  then 
heated  at  773K  for  10  days  with  one  intermediate  crushing. 
The  samples  were  analyzed  by  x-ray  diffractometry  (XRD)  to 
check  that  they  were  single  phase.  The  powders  were  then  hot- 
pressed  in  graphite  dies  into  dense  samples,  10  mm  long  and 
6.35  mm  in  diameter.  The  hot-pressing  was  conducted  at  a 
pressure  of  about  20,000  psi  and  at  a  temperatures  of  773  K  for 
about  2  hours  under  argon  atmosphere.  The  density  of  the 
samples  was  calculated  from  the  measured  weight  and 
dimensions  and  was  found  to  be  about  97%  of  the  theoretical 
density. 

The  samples  were  characterized  using  the  same 
microstructure  and  measurements  techniques  described  in  the 
experimental  section  for  the  Chevrel  phases.  All  samples  were 
found  to  be  single  phase  by  microprobe  analysis.  The 


transverse  and  longitudinal  speed  of  sounds  were  measured  to 
be  1.38  x  103  m  s  and  2.35  x  103  m  s'1,  respectively. 

Results  and  discussion 

The  electrical  resistivity  and  the  Seebeck  coefficient  values 
are  reported  for  ReeTeis  and  ReeSe2.25Te12.75  in  Figures  6  and 
7,  respectively.  In  general,  the  results  are  consistent  with 
previous  findings  [23,24]:  all  samples  showed  p-type 
conductivity  with  large  Seebeck  coefficient  values  and  large 
electrical  resistivity  values.  The  room  temperature  carrier 
mobility  for  RegTeis  was  4  cm2  V’1  s'1  for  a  carrier 
concentration  of  2  x  10 18  cm'3.  The  electrical  resistivity  are 
high,  due  to  the  low  carrier  mobility.  For  Re6Tei5,  both 
electrical  resistivity  and  Seebeck  coefficient  decrease  with 
increasing  temperature,  as  expected  for  an  intrinsic 
semiconductor.  The  electrical  resistivity  varies  linearly  with 
temperature  at  high  temperatures.  We  calculated  an  activation 
energy  of  0.8  eV,  in  good  agreement  with  previous  results 
[23].  A  different  behavior  is  observed  for  the  Re6Se2.25Te12.75 
solid  solution.  Both  Seebeck  coefficient  and  electrical 
resistivity  increase  with  increasing  temperature  and  only  at  the 
highest  temperatures  of  measurements,  an  onset  of  intrinsic 
behavior  can  be  observed.  However,  the  electrical  resistivity 
are  also  relatively  high  which  is  due  again  to  relatively  poor 
carrier  mobility  of  the  order  of  1-2  cm2  V1  s'1. 


Figure  6:  Electrical  resistivity  versus  inverse  temperature  for 
Re6Tei5and  Re6Se2.25Te12.75 

The  results  of  the  thermal  conductivity  measurements  for 
Re6Tei5  and  Re6Se2.25Te12.75  are  shown  in  Figure  8  and 
compared  to  typical  values  obtained  for  p-type  state-of-the-art 
thermoelectric  materials.  Considering  the  high  electrical 
resistivity  of  the  samples,  the  electronic  component  of  the 
total  thermal  conductivity  is  negligible  and  the  values  shown 
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Figure  7:  Seebeck  coefficient  versus  temperature  for  Re6Tei5  0 
and  Re6Se2  25Tei2.75  fe 

...  £ 

in  Figure  8  can  be  considered  as  being  the  contribution  from  ^ 

the  lattice  only.  At  room  temperature,  the  thermal  ">> 

conductivity  for  ReeTeis  is  about  14  mW/cmK  and  is  ^ 

comparable  to  p-type  BUTes-based  alloys.  The  thermal  ^ 

conductivity  of  Re6Tei5  decreases  with  increasing  temperature  8 

following  reasonably  well  a  1/T  dependence,  as  expected  for  | 

phonon-phonon  umklapp  scattering.  A  minimum  of  7  § 

mW/cmK  is  reached  at  800K,  significantly  lower  than  the  [5 

values  obtained  for  state-of-the-art  thermoelectric  materials. 

For  the  Re6Se2.25Te12.75  solid  solution,  the  thermal 
conductivity  decreases  with  increasing  temperature 
approximately  as  T*1/2.  This  temperature  dependence  is  typical 
of  a  phonon  scattering  by  point  defects.  The  values  for  the 
solid  solution  are  lower  than  for  the  binary  compound  because 
of  the  mass  and  volume  fluctuations  introduced  by  the 
substitution  of  Se  atoms  for  Te  atoms.  At  room  temperature 
the  thermal  conductivity  is  10  mW/cmK,  decreasing  to  a 
minimum  of  6  mW/cmK  at  600K. 

Using  the  same  formalism  presented  above,  we  have 
calculated  the  minimum  thermal  conductivity  for  Re6Teis 
which  corresponds  to  the  same  material  in  the  amorphous 
state.  For  the  calculation,  we  used  the  measured  speed  cf 
sounds  and  an  atomic  density  of  3.52  x  1028  m‘3.  The  results 
are  shown  in  Figure  8.  At  room  temperature,  the  calculated 
minimum  value  is  2.3  mW/cmK  and  the  minimum  measured 
value  is  10  mW/cmK  for  the  Re6Se2.2sTe  12.75  solid  solution. 

This  seems  again  to  indicate  that  scattering  of  the  phonons  by 
point  defects  cannot  yield  thermal  conductivity  comparable  to 
an  amorphous  material.  As  we  mentioned  earlier,  the 
investigation  of  the  thermoelectric  properties  of  ReeTeis  was 
primarily  prompted  by  the  possibility  of  achieving  low 


thermal  conductivity  values  because  of  the  heavy  masses  of  the 
elements  forming  the  compounds  as  well  as  the  large  number 
of  atoms  per  unit  cell.  The  results  show  that  indeed  the 
thermal  conductivity  are  low,  significantly  lower  than  for 
state-of-the-art  thermoelectric  materials  between  300  and 
800K.  However,  there  also  seems  to  be  room  for  further 
reducing  the  lattice  thermal  conductivity.  The  second  main 
reason  which  incited  us  to  investigate  the  properties  cf 
RegTeis-based  materials  is,  as  for  the  Chevrel  phases,  the 
presence  of  a  number  of  voids  in  the  structure.  Figure  9 
illustrates  the  location  of  the  voids  inside  the  crystal  structure. 
The  large  spheres  represent  the  atoms  that  can  possibly  be 
inserted  in  these  voids.  The  radius  of  the  voids  is  2.754A  [23] 
and  therefore  each  of  the  voids  is  large  enough  to 
accommodate  a  great  number  of  different  type  atoms.  Filled 
compositions  can  be  represented  by  the  formula  ReehUTejs. 
Although  the  possibility  of  inserting  additional  atoms  in  the 
voids  of  the  Re6Tei5  structure  was  suggested  in  the  literature 
[23],  this  was  not  accomplished  experimentally  to  the  best  of 
our  knowledge. 


Figure  8:  Thermal  conductivity  versus  temperature  for  Re6Tei5 
and  ReeSe2.25Te12.75.  The  calculated  minimum  lattice  thermal 
conductivity  is  also  reported  (see  text  for  details  cf 
calculations).  The  values  for  p-type  state-of-the-art 
thermoelectric  materials  are  also  reported  for  comparison: 
Bi2Te3  and  PbTe  alloys  and  TAGS  (Te-Ag-Ge-Sb  alloys). 

We  have  started  the  synthesis  of  filled  ReeTeis  samples 
with  Ag,  Cd  and  Fe.  the  filling  elements  were  added  to  the 
pre-synthesized  Re6Tei5  powders  and  the  mixtures  were 
annealed  for  5  days  at  773K.  The  powders  were  then  hot- 
pressed  under  the  same  conditions  as  unfilled  ReeTeis 
samples.  MPA  of  the  samples  filled  with  Fe  and  Cd  showed  a 
significant  amount  of  secondary  phases  and  no  phase 
corresponding  to  a  filled  composition  could  be  detected.  For 
Ag  filled  samples,  the  samples  were  essentially  composed  cf 
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several  filled  compositions  ReeAgxTeis  with  0.5<x<1.14.  This 
encouraging  result  suggests  that  it  is  indeed  possible  to  fill 
the  voids  of  the  structure.  The  thermoelectric  properties  of  the 
Ag  filled  sample  are  currently  being  investigated. 
Improvements  are  however  needed  to  obtain  homogeneous 
samples  and  also  to  ameliorate  the  synthesis  technique  and 
demonstrate  the  possibility  of  inserting  other  atoms  in  the 
voids.  The  study  of  the  impact  of  the  additional  atoms  on  the 
thermal  conductivity  of  these  materials  is  of  particular  interest 
because  it  could  result  in  very  low  thermal  conductivity 
values,  close  to  the  theoretical  minimum.  Also,  one  can 
expect  substantial  modifications  of  the  band  structure  of  these 
materials  and  therefore  different  electrical  properties. 


Figure  9:  Illustration  of  the  Re6Tei5  unit  cell  showing  the 
[Re6]  cluster  surrounded  by  eight  Te  atoms.  Large  spheres 
representing  atoms  are  inserted  in  the  voids  presented  in  the 
structure.  Some  Te  atoms  were  omitted  for  clarity. 

Conclusion 

As  part  of  an  ongoing  search  for  thermoelectric  materials 
with  superior  thermoelectric  properties,  we  have  started  to 
investigate  the  properties  of  two  classes  of  cluster  compounds: 
Chevrel  phases  and  Re6Tei5-based  materials.  A  common 
property  of  these  materials  is  the  presence  of  voids  in  their 
crystal  structure  which  can  be  filled  with  a  variety  of  atoms. 
For  the  Chevrel  phases,  initial  results  showed  that  low 
thermal  conductivity  (~10  mW/cmK  at  300K)  can  be  achieved 
for  filled  compositions  and  even  lower  values  might  be 
possible  by  adjusting  the  nature  of  the  filling  element  and  its 
concentration.  We  have  also  shown  that  semiconducting 
Chevrel  phases  can  be  created  by  controlling  the  number  of 
valence  electrons.  Semiconducting  properties  are  observed  for 
VEC  of  4.  Some  of  the  compositions  prepared  showed  good 
Seebeck  coefficient  values  but  also  poor  carrier  mobility  which 
will  need  to  be  improved  to  achieve  good  thermoelectric 
figures  of  merit.  Re6Tei5-based  materials  showed  very  low 
thermal  conductivity  in  the  300-800K  temperature  range  (6-13 
mW/cmK),  large  Seebeck  coefficient  but  also  poor  carrier 


mobility.  The  possibility  of  introducing  Ag  atoms  in  their 
voids  of  the  structure  was  also  demonstrated  and  such  filled 
compositions  should  possess  very  low  thermal  conductivity, 
close  to  the  theoretical  minimum.  The  thermoelectric 
properties  of  Ag-filled  compositions  are  currently  being 
investigated  as  well  as  the  synthesis  of  other  filled 
compositions.  In  summary,  we  believe  that  these  two  new 
classes  of  materials  offer  a  good  potential  for  thermoelectric 
applications,  including  numerous  possibilities  for  optimizing 
their  properties.  The  concept  of  using  loosely  bound  atoms  in 
the  crystal  structure  to  obtain  low  thermal  conductivity  was 
demonstrated  for  the  Chevrel  phases. 
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Abstract: 

The  focus  of  our  research  revolves  around  a 
search  for  new  thermoelectric  materials  with 
improved  performance  over  present  materials.  We 
have  performed  preliminary  experiments  to  assess 
the  potential  of  quasicrystalline  materials  for 
thermoelectric  applications.  The  investigation  of 
known  classes  of  quasicrystals  and  quasicrystal 
approximants  is  important  for  potential 
thermoelectric  materials  as  well  as  a  search  for 
entirely  new  phases  of  these  materials.  The 
advantage  of  quasicrystals  is  that  their  electrical 
conductivity  (and  possibly  their  thermoelectric 
power)  can  be  manipulated  through  variation  of  their 
composition,  synthesis  or  annealing  conditions 
without  sacrificing  their  usually  low  thermal 
conductivity.  Quasicrystalline  materials  exhibit 
characteristics  which  are  suggestive  of  Slack’s  idea 
of  a  phonon-glass,  electron-crystal  material  for 
thermoelectric  applications.  We  will  present  some  of 
our  results  of  resistivity,  thermopower,  and  thermal 
conductivity  on  measurements  to  show  the  potential 
of  these  materials.  A  more  thorough  investigation  of 
this  class  of  materials  and  a  systematic  search  for 
new  quasicrystaline  and  related  compounds  might 
very  well  yield  new  materials  for  thermoelectric 
devices. 

Introduction: 

Over  the  past  30  years,  alloys  based  on  the 
Bi2Te3  {(Bi,  xSbx)2  (Te^Se^}  and  Si,  Gex  have 
been  extensively  studied  and  optimized  for  their  use 
as  thermoelectric  materials  both  for  cooling  (Bi2Te,) 
and  power  generation  (SiGe)  applications.1'2'  . 
Improvement  over  the  past  decade  in  Bi2Te3,  in 
particular,  has  been  relatively  minor  with  the 
thermoelectric  figure  of  merit  ZT  relatively  constant 
at  ZT=1.  Due  to  this  slow  progress,  recent  research 
has  focused  on  the  investigation  of  new  classes  of 
materials  as  advanced  thermoelectric  systems.4 
Material  classes  currently  under  investigation  include 
skutterudites,5'6,7’8  quantum-well  materials,9,10 
superlattice  structures1 1,1 2'  and  low-dimensional 
systems.13 

This  recent  activity  has  also  been  driven  by 
advanced  military  and  civilian  applications  that 


demand  higher  performance  thermoelectric  materials 
and  systems  operating  at  temperatures  down  to  -100 
K.  In  particular,  cryoelectronics  and  “cold 
computing”  are  emerging  fields  requiring  reliable 
low-maintenance  cooling  and  refrigeration 
technology.  Sloan  states  that  “speed  gains  of  30%  - 
200%  are  achievable  in  some  CMOS  computer 
processors”  where  “cooling  is  the  fundamental  limit 
to  electronic  system  performance.”14  In  addition,  a 
limitation  to  cellular  phone  technology  using 
superconducting  narrow-band  spectrum  dividers  is 
the  lack  of  reliable  refrigeration. 

The  potential  of  a  material  for  thermoelectric 
applications  is  determined  by  the  material's 

dimensionless  figure  of  merit,  ZT  =  (a2C7/A)T, 
where  a  is  the  Seebeck  coefficient,  a  the  electrical 
conductivity,  A  the  total  thermal  conductivity  (A  =  Al 
+  Xe;  the  lattice  and  electronic  contributions 
respectively)  and  T  the  temperature.  In  most 
materials,  a  increases  while  a  decreases  as  the 
carrier  concentration  is  lowered.  This  results  in  the 

ability  to  tune  the  power  factor  (a2a)  through  control 
of  the  carrier  concentration.  In  most  materials  the 
power  factor  is  a  maximum  near  a  carrier 
concentration  of  1019/cm3,  resulting  in  the  feature 
that  most  thermoelectric  materials  are  heavily  doped 
semiconductors.  High  mobility  carriers  are  most 
desirable,  so  as  to  have  the  highest  possible  electrical 
conductivity  yet,  still  retain  a  low  earner 
concentration. 

While  a2G  can  be  maximized  through  chemical 
doping,  Atot  is  not  so  easily  tuned.  The  electronic 
thermal  conductivity,  Ae  is  tied  to  <J  through  the 

Wiedemann-Franz  Law  (Ag/a  =  L0T,  L0  =  Lorentz 
number  ~2.3xl0'8  WDJK2).  Therefore,  while  doping 

may  increase  a,  and  hence  Ag,  doping  is  also  known 

to  lower  Al,  leading  to  unknown  changes  in  AIot. 
State-of-the-art  thermoelectric  materials  have  a  ZT  = 
1.  This  value  has  been  a  practical  upper  limit  for 
more  than  30  years,  yet  no  theoretical  or 
thermodynamic  reason  exists  for  why  it  can  not  be 
larger. 
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In  1995,  Glen  Slack  published  a  paper 
describing  the  chemical  characteristics  of  materials 
which  might  be  candidates  for  good  thermoelectric 
materials.  5,16  The  candidate  material  needs  to  be  a 
narrow  bandgap  semiconductor  with  high  mobility 
carriers.  Typically  this  requires  strong  covalent 
bonding  between  elements  with  a  small  difference  in 
electronegativity.  This  has  lead  to  a  thorough  search 
of  materials  containing  at  least  one  element  from  the 
lower  right  section  of  the  periodic  table. 
Additionally,  at  lower  thermal  conductivity,  the 
Seebeck  coefficient  and  electrical  conductivity  (both 
in  the  numerator  of  ZT)  are  strong  functions  of  the 
doping  level  and  chemical  composition,  which  must 
therefore  be  optimized  for  good  thermoelectric 
performance. 

The  thermal  properties  of  complex  materials 
can  often  be  modified  by  chemical  doping. 
Understanding  these  various  effects  and  selecting 
optimization  strategies,  however,  can  be  an 
exceedingly  difficult  problem.  In  complex  materials 
there  are  often  many  possible  degrees  of  freedom. 

Quasicrystals  as  thermoelectric  materials: 

Prior  to  1983,  single-crystals  were  defined  as 
solids  composed  of  a  unit-cell  repeated 
translationally  throughout  the  crystal.  This 
translational  order  required  that  the  crystal  contain 
either  2-,  3-,  4-,  or  6-fold  rotational  symmetry  so  a 
unit  cell  can  be  repeated  throughout  space  and  have 
all  space  be  filled.  Quasicrystals  break  this  rule  in 
that  they  display  a  “forbidden”  structural  symmetry, 
typically  5-,  8-,  10-  or  12-fold  symmetry.17,18']9 
Rather  than  typical  translational  order  evident  in 
crystals,  quasicrystals  exhibit  long-range  positional 
order.  Quasicrystals  are  argued  to  grow  by  means  of 
local  matching  rules  governing  the  orientation  of  new 
atoms,  by  which  single-domain  crystals  can  be 
formed.  In  these  single-domain  crystals,  the 
position  of  all  atoms  in  the  lattice  is  uniquely 
determined,  yet  no  repeating  pattern  exists.  This 
positional  order  gives  rise  to  observation  of  sharp  x- 
ray  diffraction  lines  similar  to  those  of  conventional 
single  crystals.20,21 

Icosahedral  (5-fold  symmetric)  quasicrystals 
form  the  largest  family  of  quasicrystalline  materials 
with  over  60  members  known.18  Of  these  systems 
12  can  be  grown  as  stable,  single-domain, 
macroscopic  crystals  of  large  enough  size  (~1  mm3) 
to  perform  ‘intrinsic’  transport  measurements.  Most 
icosahedral  quasicrystals  are  composed  of 
icosahedral  metal  clusters  known  as  Pauling 
triacontahedra  (containing  44  atoms)  or  MacKay 
icosahedra  (containing  54  atoms).  These  clusters  are 
then  arranged  with  additional  linking  atoms  in  a  non¬ 
repeating  pattern  to  form  a  quasicrystal.  In  some 
cases  these  clusters  are  arranged  in  a  repeating 
pattern,  resulting  in  a  material  known  as  a 


quasicrystalline  approximant.  Most  of  the 
understanding  of  electronic  and  phonon  structure, 
and  precision  knowledge  of  atomic  positions  in 
quasicrystalline  materials  are  actually  determined 
from  measurements  on  and  calculations  of  stable 
approximant  phases.  One  such  approximant 
Al5CuLi3  is  a  bcc  lattice  of  Pauling  triacontahedra 
containing  a  total  of  180  atoms  per  unit  cell.  This  is 
actually  a  small  approximant  lattice,  phases  with 
lattice  constants  of  up  to  100  A,  containing  over 
50,000  atoms  per  unit  cell,  are  known.22 

For  the  best  thermoelectric  material,  Slack 
suggested  it  should  behave  as  a  "phonon-glass, 
electron-crystal".  It  would  have  the  thermal 
properties  of  a  glass  and  the  electronic  properties  of  a 
crystal.  Quasicrystals,  which  were  discovered  in 
1984  by  Shechtmann  et.  al.,23  seem  to  possess 
properties  usually  associated  with  both  crystalline 
and  amorphous  materials.24,25  Single-domain 
quasicrystals  exhibit  the  low  thermal  conductivity  of 
amorphous  materials  in  all  the  cases  that  have  been 
studied  and  yet  have  electrical  properties  ranging 
from  "dirty"  metals  to  semiconductors.  The 
advantage  of  quasicrystals  is  that  one  can  vary  the 
electrical  conductivity  (and  possibly  tune  this 
thermoelectric  power)  by  varying  the  composition  or 
defect  concentration  without  sacrificing  the  low 
lattice  thermal  conductivity.  For  these  reasons,  a 
systematic  search  through  the  different  classes  of 
existing  and  proposed  quasicrystals  is  underway  to 
develop  new  materials  for  thermoelectric 
applications;  and  possibly  the  phonon-glass, 
electron-crystal  suggested  by  Slack. 

Published  data  on  the  thermopower  of 
quasicrystals  is  rather  scarce  with  values  ranging 
from  -30  (iV/K  to  +50  |xV/K.  While  moderately 
large,  these  values  are  currently  not  large  enough  for 
thermoelectric  application.  However,  we  take 
interest  in  the  fact  that  nearly  this  entire  variability 
can  be  found  in  a  single  quasicrystalline  system, 
AlCuFe.  This  may  allow  for  both  the  n-  and  p-type 
legs  in  a  thermoelectric  device  to  be  fabricated  from 
the  same  system.  For  example,  at  300  K  iron-rich 

A162.5Cu24.5Fei3  has  a  =  +45  M-V/K,  while  iron-poor 

A162.5Cu26.5Fen  has  a  =  -3°  ftV/K.26  This  variance 
in  stoichiometry  is  intrinsic  to  quasicrystals  since 
they  do  not  require  a  rigid  chemical  formula  for 
stability.  The  elements  in  the  crystal  can  typically  be 
changed  by  a  few  atomic  percent  without  changing 
the  structure  of  the  crystal.  Lacking  a  unique 
empirical  chemical  ratio  makes  these  crystals  easy  to 
dope,  resulting  in  high  tunability  of  the  thermal  and 
electrical  properties.  62.5  24.5  13  26.5  11 

In  the  search  for  new  thermoelectric  materials, 
we  are  investigating  the  resistance  and  thermopower 
of  multi-domain  stable  icosahedral  phase 
quasicrystals.  Of  the  twelve  stable  icosahedral 
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quasicrystals,  data  will  be  presented  for 
^62.5^-'u25^ei2.5»  Al70Pd20Re10,  T^ZrjgNi  17,  and 
Al7oPd2oMn|0. 

Experimental: 

In  determining  the  thermoelectric-figure-of- 
merit,  several  properties  of  the  material  must  be 
quantified;  thermal  conductivity,  electrical 
conductivity,  and  thermopower.  Of  these  quantities, 
the  thermal  conductivity  is  one  of  the  most  difficult 
to  control.  Thermal  conductivity  is  the  sum  of  the 
lattice  (phonon)  and  electronic  contribution  of  the 
thermal  conductivity.  The  electronic  thermal 
conductivity  is  essentially  the  lower  limit  for  the  total 
thermal  conductivity  of  an  electrically  conducting 
system.  Consequently,  it  is  always  desirable  to 
search  for  a  system  possessing  a  low  lattice  thermal 
conductivity  in  order  for  the  total  thermal 
conductivity  to  be  as  low  as  possible. 

The  thermoelectric  figure  of  merit  is  inversely 

proportional  to  X.  Hence,  low  values  of  X  greatly 
enhance  the  potential  of  a  material  for  thermoelectric 
application.  While  few  studies  of  the  thermal 
conductivity  have  been  made  on  stable  icosahedral 
quasicrystalline  compounds,  most  materials 

examined  have  A,phonon  below  about  2  W/m-K  at 
temperatures  below  150  K. 

Thermal  conductivity  data  for  three  multi- 
domain  quasicrystalline  materials;  Al625Cu2JFe125, 
Al70Pd20Re10,  and  Al70Pd20Mn10  are  presented  in 
Figure  1.  AlPdRe  and  AlCuFe  display  nearly 

indistinguishable  measurements  of  Z[ot  yet,  as  will  be 
discussed  below,  their  electrical  conductivities 
differed  by  more  than  a  factor  of  2,  [Figure  2]. 
These  thermal  conductivity  values  resemble  those  of 

amorphous  glasses  which  typically  have  A,tot~l 
W/m-K.27 


Figure  1:  Thermal  conductivity  for  AlPdRe, 

AlPdMn,  and  AlCuFe  quasicrystals. 


Estimations  of  the  electronic  thermal 
conductivity  using  the  Wiedemann-Franz  law  yields 

XE  =0.03  W/m-K,  assuming  L0  is  ~2.3xl0'8  WQ/K2 
at  150  K.  This  corroborates  the  idea  that  the 
majority  of  the  total  thermal  conductivity  in  these 
samples  is  from  lattice  contributions. 

The  electrical  properties  of  these  materials  are 
also  related  to  their  unique  structure.  Nearly  all 
stable  single-domain  quasicrystals  display 

semimetallic  resistive  behavior  with  p(300K) 

between  0.1  and  10  mfl-cm.  At  low  temperatures, 
the  resistivity  increases  by  a  factor  from  1  to  20 
times  the  room  temperature  resistivity.  These  data 
imply  that  some  quasicrystals  have  a  band  gap  of 
less  than  0.2  eV. 2  Previous  studies  have  related  this 
observed  band  gap  to  a  pseudogap  formed 
localization  at  the  Fermi  level.  Thus,  conduction  at 
low  temperatures  is  best  described  using  models  of 
weak  localization  and  strong  electron-electron 
scattering.  Localization  in  these  materials  is 
enhanced  by  improved  crystallinity  of  the  sample. 
Consequently,  as  crystal  quality  is  improved 
(evidenced  by  sharper  x-ray  or  electron  diffraction 
spots)  the  resistivity  increases  significantly.28'29  This 
is  contrary  to  typical  observations  for  a  metallic 
crystal.  Consequently,  the  resistivities  measured  on 
high-quality  single-domain  samples  provide  a 
maximum  limit  to  the  resistivity  in  a  tuned  material. 

Resistivity  in  quasicrystals  is  also  reported  to 
increases  as  the  atomic  number  of  the  alloy 
increases.  This  is  described  in  studies  of  single 
domain  Al70Cu20Fe10,  Al70Cu20Ru10  and 
Al70Cu20Os19  quasicrystals.30  Consequently,  many 
avenues  exist  by  which  the  conductivity  of  a 
quasicrystal  can  be  tuned. 

AlPdRe  has  a  large  room  temperature 
resistivity  (approximately  10  mQcm)  which 
increases  rapidly  as  the  temperature  is  lowered 


Figure  2:  Resistivity  vs.  temperature  for  AlPdRe, 
AlCuFe,  and  TiZrNi  quasicrystals. 
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AlPdRe  has  a  large  room  temperature 
resistivity  (approximately  10  mDcm)  which 
increases  rapidly  as  the  temperature  is  lowered 
[FIGURE  2].  AlCuFe,  however,  has  a  room 
temperature  resistivity  of  about  5  mflcm  which  only 
increases  by  a  factor  of  two  at  10  K.  TiZrNi  which 
displays  the  lowest  resistivity,  is  virtually 
temperature  independent  for  the  range  studied.  This 
trend  of  lower  overall  resistivity  correlating  with  a 
smaller  temperature  dependence  of  the  resistivity  is 
commonly  found  in  quasicrystals,  and  some  argue 
this  is  a  universal  property  of  these  systems.5  While 
the  conductivity  of  the  AlPdRe  and  AlCuFe  samples 
appear  to  be  too  small  for  good  thermoelectric 
materials,  the  TiZrNi  sample  does  have  a  large 
enough  conductivity  to  be  of  interest  being  ~3.4 
(mQcm)'1. 

For  AlCuFe  quasicrystals  we  find  a 
thermopower  of  +12  |i.V/K  which  is  in  the  range  of 
the  previously  published  data  (Figure  3).  AlPdRe  on 
the  other  hand,  is  found  to  have  a  very  large 
thermopower  for  a  quasicrystal  +55  (TV/K  and  to  be 
fairly  constant  near  room  temperature.  This  high 
thermopower  over  a  broad  temperature  range  is 
desirable  for  a  widely  useful  low  temperature 
thermoelectric  cooling  system.  TiZrNi,  while  having 
the  best  conductive  properties  of  the  three  systems 
studied  has  the  lowest  thermopower.  AlPdMn  also 
has  a  very  large  thermopower  at  room  temperature, 

a  =  +61  |iV/K. 

The  variability  and  sensitivity  of  the 
thermopower  to  slight  changes  in  the  structure  are 
also  borne  out  through  band  structure 
calculations31 ,32  and  photoemission  measurements.33 

Summary: 

At  least  a  few  of  the  challenges  that  are 
evident  in  relation  to  the  potential  of  the  quasicrystal 


class  of  materials  for  utilization  in  thermoelectric 
applications  lie  in  achieving  a  higher  thermoelectric 
power  and  a  higher  carrier  mobility.  One  very 
important  point  should  be  made.  Researchers  are 
just  beginning  to  thoroughly  investigate  the  coupled 
thermal  and  electronic  transport  properties  of  these 
materials.  Very  little  thermopower,  thermal 
conductivity  and  carrier  mobility  data  exist  for  any 
particular  class  of  quasicrystals.  Most  of  the 
research  performed  on  these  systems  to  date  has 
been  related  to  the  structure,  which  is  of  course  very 
reasonable  given  their  complex  nature. 

Quasicrystals  show  potential  as  a  new  class 
of  thermoelectric  materials.  The  intrinsic  chemical 
variability  of  these  crystals  allows  for  a  high  degree 
of  tunability  of  their  thermal  and  electrical  properties. 
This  should  lead  to  a  broad  range  within  this  class  of 
materials.  Known  quasicrystals  have  thermal 
conductivities  approaching  that  of  an  amorphous 
glass,  yet  their  electrical  conductivity  is  more  akin  to 
a  small  gap  semimetal.  These  characteristics  broadly 
meet  Slack’s  “phonon-glass,  electron-crystal” 
model.  The  sensitivity  of  the  sign  of  the 
thermopower  to  elemental  concentration  raises  hope 
that  n-  and  p-type  thermoelectrics  could  be  found  in 
the  same  material.  Although  the  quasicrystals  form  a 
rather  large  class  of  compounds,  for  each 
quasicrystal,  there  also  typically  exists  at  least  one 
conventionally  ordered  quasicrystalline  approximant 
phase.  These  approximants  will  also  be  investigated 
for  their  potential  as  thermoelectric  materials  since 
they  are  known  to  have  similar  electrical  and  thermal 
properties  to  their  related  quasicrystals.1 

Much  more  research  must  be  done  and  an 
extensive  data  base  must  be  established  on  the 
electrical  and  thermal  properties  of  this  large  group 
of  materials.  Then,  possibly,  a  much  clearer 
indication  of  the  potential  of  these  materials  can  be 
established. 
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Abstract 

A  solid  state  chemistry  synthetic  approach  towards  identifying 
new  materials  with  potentially  superior  thermoelectric  properties 
is  presented.  Materials  with  complex  compositions  and  structures 
also  have  complex  electronic  structures  which  may  give  rise  to 
high  thermoelectric  powers  and  at  the  same  time  possess  low 
thermal  conductivities.  The  structures  and  thermoelectric 
properties  of  several  new  promising  compounds  with  K-Bi-S,  K- 
Bi-Se,  and  Cs-Bi-Te. 

Introduction 

Interest  in  new  thermoelectric  (TE)  materials  with  improved 
figures  of  merit  is  increasing  rapidly  [1,2].  The  much  increased 
sophistication  of  materials  research  coupled  with  many 
discoveries  of  new  compounds,  a  wider  variety  of  observed 
phenomena,  and  vastly  improved  capabilities  for  calculation  of 
electronic  structure  and  properties,  provide  a  solid  foundation  for 
discovering  new  thermoelectrics  once  again.  To  improve  device 
performance  one  needs  to  maximize  the  thermoelectric  figure  of 

merit,  ZT  =  (S^o/k)T;  where  S  is  the  thermopower,  o  the 
electrical  conductivity,  k  the  thermal  conductivity  and  T  is  the 
temperature.  All  three  of  these  properties  are  determined  by  the 
details  of  the  electronic  structure  and  scattering  of  charge  carriers 
(electrons  or  holes)  and  thus  are  not  independently  controllable 
parameters,  k  also  has  a  contribution  from  lattice  vibrations,  k}, 

the  phonon  thermal  conductivity.  Thus  k  =  Ke  +  k{J  where  ice  is 

the  carrier  thermal  conductivity.  Therefore  one  must  increase  a 
and  S  while  minimizing  k.  Since  the  electrical  conductivity  and 
thermopower  of  optimally  n  or  p  doped  Bi2Te3  is  in  the  range  of 
500-800  S/cm  and  ±  220  pV/K  [3]  respectively,  significant 
improvements  in  thermoelectric  figure  of  merit  could  occur  if 
materials  of  comparable  conductivities  but  thermopowers  of  300 
to  350  pV/K  can  be  found. 

We  are  engaged  in  an  exploratory  synthesis  program  to 
identify  new  multinary  phases  with  Bi  and  Sb  which  have  narrow 
band-gaps  and  low  thermal  conductivity  and  may  be  suitable  as 
thermoelectric  materials.  We  believe  that  materials  with  more 
complex  compositions  and  structures  should  have  complex 
electronic  structures  which  may  give  rise  to  high  thermoelectric 
powers  according  to  the  Mott  formula  below,  and  at  the  same 
time  possess  low  thermal  conductivities.  The  thermopower  S  is 
given  by  the  Mott  equation: 


S  = 


7C2 

T 


k2T 

e 


dlno( E) 

~~dE 


E=Ef 


where  a(E)  is  the  electrical  conductivity  determined  as  a  function 
of  band  filling.  The  electronic  conductivity  o=  o(E)  \e=E^ 

where  Ef  is  the  Fermi  energy.  If  the  carrier  scattering  is 
independent  of  energy,  then  c(E)  is  just  proportional  to  the 
density  of  states  at  E.  In  the  general  case,  S  is  a  measure  of  the 
difference  in  o(E)  above  and  below  the  Fermi  surface  - 
specifically  through  the  logarithmic  derivative  of  it  with  respect 
to  E,  see  the  equation  above.  So  by  manipulating  the  energy 
dependence  of  a(E)  one  can  control  simultaneously  c  and  S. 
Since  the  thermopower  of  a  material  is  a  measure  of  the 
asymmetry  in  electronic  structure  and  scattering  rates  near  the 
Fermi  level  (Ef)  [3],  we  aim  to  produce  complexities  in  either  or 
both  in  a  small  energy  interval  (a  few  kT)  near  Ef.  While  simple 
materials  usually  have  simple  band  structures,  cooperative 
electronic  phenomena  in  a  few  materials  lead  to  complex 
electronic  structures  and  hopefully  to  high  thermopowers. 
Because  metallic  compounds  typically  have  small  thermopowers 
and  large  thermal  conductivities  we  focus  our  efforts  in  materials 
which  are  narrow  gap  semiconductors  or  semimetals  (band-gap 
0<Eg<0.5  eV). 


Despite  the  empirical  guidelines  one  has,  it  is  still  challenging 
to  choose  the  particular  system  for  exploration.  The  fact  that 
Bi2Te3  is  the  best  material  known  to  date  suggests  that  it 
combines  many  of  the  necessary  features  for  high  TE  response. 
If  there  is  something  special  about  bismuth  in  giving  rise  to 
simultaneously  high  electrical  conductivity  and  thermoelectric 
power,  it  should  be  manifested  in  other  compounds  of  Bi  as  well. 
Therefore  we  are  exploring  more  complex  chalcogenides  of  Bi 
hoping  that  some  (or  all)  of  the  key  properties  would  be  superior 
to  those  of  Bi2Te3.  Because  a  structure  with  a  large  unit  cell  is 
expected  for  complex  materials,  which  in  turn  would  decrease  the 
acoustic  mode  phonon  velocities  that  are  responsible  for  the 
transfer  of  heat  in  materials,  we  expect  that  structurally  and 
compositionally  more  complex  bismuth  chalcogenides  would, 
most  likely,  have  a  low  lattice  thermal  conductivity.  The 
relatively  weak  Bi-Te  bonding  and  the  large  atomic  masses 
contribute  as  well  to  the  low  phonon  velocities.  Therefore, 
exploratory  synthesis  in  this  region  of  the  periodic  table  becomes 
a  reasonable  activity  and,  as  the  preliminary  results  show,  quite 
promising.  In  this  article  we  present  our  efforts  to  synthesize 
bulk  materials  with  enhanced  TE  figures  of  merit. 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


459 


16th  International  Conference  on  Thermoelectrics  (1997) 


Results  and  Discussion 

We  are  searching  for  more  complex  chalcogenide  compounds 
using  a  low  temperature  synthesis  method  described  elsewhere 
[4].  We  have  obtained  many  new  phases  of  bismuth  by  reacting 
the  metal  with  alkali  metal  chalcogenide  salts  in 
polychalcogenide  melts  [5].  Only  a  few  promising  materials 
will  be  elaborated  upon  here. 

The  sulfides  KBi^S.o  and  K2Bi„S13.  [6]  belong  to  the  family  of 
compounds  (A2Q)n(Bi2Q3)m  (A=alkali  metal;  Q=S,  Se)  with  n=l 
and  m=6.33,  4,  respectively.  They  have  three-dimensional 
structures  made  up  of  Bi2Te3-type  (NaCl-type)  blocks  and  Cdl2- 
type  fragments  that  connect  to  form  tunnels  filled  with  eigbt- 
coordinate  K+  cations.  This  may  be  beneficial  to  the  electronic 
properties  of  the  compounds  which  may  bear  similarities  to 
those  of  Bi2Te3.  The  lower  symmetry  they  possess  may  result  in 
low  thermal  conductivity  and  could  give  rise  to  a  superior 
thermoelectric  material.  The  [Bi^Sjo]'  framework  is  made  of 
edge-sharing  BiS6  octahedra,  as  shown  in  Figure  1.  The  structure 
of  K2Bi8S)3  is  similar,  but  the  Bi/Tej-type  (NaCl-type)  blocks 
and  Cdl2-type  fragments  are  arranged  differently,  Figure  2.  The 
isostructural  selenium  analog  of  K2BigSi3  has  also  been 
prepared. 


Figure  1.  The  structure  of  KBi6.33S,o .  Small  white  circles 
are  sulfur  atoms.  Large  circles  are  K  atoms. 

These  ternary  bismuth  sulfides  have  promising  electrical 
properties  with  maximum  conductivity  and  thermopower  of  -200 
S/cm  and  — 90pV/K,  respectively.  These  are  unoptimized  values 
and  we  believe  they  can  be  greatly  improved  by  further 
processing.  Using  the  measured  values  of  the  electrical 
resistivity  in  conjunction  with  the  Wiedemann-Franz  law,  we 
estimate  the  maximum  possible  value  of  the  electronic  thermal 
conductivity  contribution  to  be  below  1%  of  the  total  thermal 
conductivity.  So  almost  all  heat  in  these  compounds  is  earned 
by  lattice  phonons.  The  sulfide  KBi6.33Si0  seems  to  have 
particularly  low  thermal  conductivity.  Taking  as  a  bench  mark 
the  room  temperature  value  of  the  total  thermal  conductivity  of 
BijTej  (k,  =  1.6  W/m-K),  we  note  that  the  total  thermal 
conductivity  of  KB4.33S10  is  actually  lower  (Figure  3).  Hence,  at 


least  from  the  perspective  of  thermal  transport,  these  compounds 
satisfy  one  of  the  key  requirements  for  a  useful  thermoelectric 
materials,  they  possess  low  lattice  thermal  conductivity.  This  is 
an  important  finding  because  KBi6  33S10.  being  a  sulfide,  is 
expected  to  possess  higher  thermal  conductivity  compared  to  the 
heavier  tellurides.  If  controlled  doping  can  enhance  the  electrical 
conductivity  and  at  the  same  time  preserve  or  even  increase  the 
thermopower,  in  the  case  of  KBi633S10  we  indeed  might  have  a 
promising  thermoelectric  material.  To  achieve  this,  we  need 
additional  information  regarding  the  transport  properties 
including  carrier  concentrations  and  mobilities.  Both  KBi^S^ 
and  K2Bi8S13  melt  with  no  decomposition  at  710  ‘C  and  713  “C 
respectively. 


Bi2Te3  NaCI 

type  type 


*  K 


Figure  2.  The  structure  of  K2Bi8S13  and  P-K2Bi8Se13. 

We  have  also  found  two  related  selenides  P-K2Bi8Se13  and 
K2.5Bi8.5Se14.  These  two  compounds  differ  from  one  another  by 
one  half  of  an  equivalent  of  “KBiSe2”.  In  K25Bi8.5Se14  only 
NaCI-  and  Bi2Te3-type  blocks  exist.  The  addition  of  "BiSe2"  in 
the  Cdl2-type  blocks  of  P-K2Bi8Se,3  generates  Bi2Te3-type 
blocks  which  are  five-bismuth  atoms  wide.  This  small  structural 
modification  preserves  the  same  connectivity  of  the  NaCl-type 
fragments  and  the  same  size  and  shape  of  the  K  atom  sites  as  in 
P-K2Bi8Se13,  see  Figure  4. 

The  electrical  properties  of  P-K2Bi8Se13  and  K25Big5Se14  were 
measured  on  single  crystal  samples  and  polycrystalline  ingot 
samples  [7].  The  highest  room  temperature  conductivity  value 
obtained  for  single  crystals  of  P  -K2Bi8Se13  was  240  S/cm  with  a 
weak  negative  temperature  dependence  consistent  with  a  semi¬ 
metal  or  a  narrow  band-gap  semiconducting  material.  There  is  a 
striking  difference  in  conductivity  when  compared  to  a-K2Bi8Se13 
[8]  which  shows  a  room  temperature  value  of  2  S/cm,  and  it  is 
due  to  the  substantial  structural  differences  between  the  a-  and  P- 
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forms.  Polycrystalline  compactions  of  these  materials  show 
similar  trends  where  at  room  temperature  the  a-K2BigSe,3  has  a 
conductivity  of  0.01  S/cm  while  P-K2Bi8Se13  and  K2.5Big.sSel4 
show  ~  30  and  -  150  S/cm,  respectively.  This  enormous 
difference  is  attributed  to  the  fact  that  p-K2Bi8Se,3  and 
K2.jBi8.;Se14  have  more  dense  three-dimensional  structures  than 
a-K2BigSe13,  which  gives  rise  to  greater  orbital  overlap  in  the  Bi- 


Figure  3.  Variable  temperature  thermal  conductivity  data 
for  a  polycrystalline  ingot  of  KB^  33SI0. 

BIzTbj 


Figure  4.  The  structure  of  K25Bi85Se14. 

The  thermopower  data  for  P-K2Bi8Se,3  and  K25Big5Se,4  show 
large  negative  Seebeck  coefficients  (-200  and  -100  pV/K  at  room 
temperature,  respectively),  which  indicate  the  charge  carriers  ate 
electrons  (n-type),  see  Figure  5.  It  is  remarkable  that  the 
thermopower  behavior  and  magnitude  of  the  P-K2Bi8Se13  is 
similar  to  that  of  its  a-analog  [8]  despite  the  large  differences  in 
conductivity.  The  thermopower  values  in  these  materials  become 
less  negative  as  the  temperature  is  decreased  from  300  K  to  4  K, 
reminiscent  of  a  metallic  behavior,  but  the  very  large  Seebeck 
coefficients  suggest  these  materials  are  in  fact  semiconductors. 
The  semiconducting  character  is  also  supported  by  the  fact  that 


optical  gaps  of  0.59  eV  and  0.56  eV,  respectively  exist  in  P- 
K2Bi8Se13  and  K2.5Bi8.5Sei4  at  room  temperature. 


Figure  5.  Top:  Electrical  conductivity  and  thermoelectric 
power  data  for  a  polycrystalline  ingot  of  K2.5Big  5Se14.  Bottom: 
Thermoelectric  power  data  for  (a)  a  single  crystal  and  (b)  a 
polycrystalline  ingot  of  P-K2Bi8Se13. 

The  room  temperature  thermal  conductivities  of  p-K2Bi8Sel3  and 
K25Bi85Seuare  comparable  (1.28  and  1.21  W/m-K,  respectively) 
and  lower  than  that  of  optimized  alloys  Bi2Te3.xSex.  This 
demonstrates  that  it  is  possible  to  achieve  lower  thermal 
conductivity  in  ternary  compounds  with  complex  compositions 
and  crystal  structures  compared  to  corresponding  high  symmetry 
binary  compounds.  Here  again  the  maximum  possible  values  of 
the  Kg  contribution  in  both  cases  were  estimated  to  be  less  than 
10  %  of  kt,  and  so  most  of  the  heat  in  P-K2Bi8Se,3  and 
K25Bi85Seu  is  carried  by  lattice  phonons.  The  thermal 
conductivity  of  p-K2Bi„Se13  in  the  temperature  range  of  4-300  K 
is  significantly  lower  than  that  of  the  isostructural  compound 
K2BigS|3,  which  is  consistent  with  the  fact  that  the  heavier  Se 
atoms  soften  the  lattice  phonons  thereby  slowing  down  heat 
transport  in  the  material. 

Based  on  these  results  (3-K2Bi8Se13  and  K25Bi8  5Se14  seem  to  be 
quite  promising  as  thermoelectrics.  The  figure  of  merit  (ZT)  as  a 
function  of  temperature  for  “as  prepared”  (3  -K2Bi8Se13  is  shown 
in  Figure  6.  The  room  temperature  ZT  value  is  0.22  (0.39  if  the 
lower  k  value  of  0.83  W/m-K  is  considered).  To  improve  the 
thermoelectric  figure  of  merit  of  these  ternary  compounds  we 
could  pursue  sulfur  doping  or  solid  solutions  of  KxBiy(SeS)z 
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based  on  the  fact  that  sulfide  compounds  can  adopt  the  same 
structure  types  as  corresponding  selenide  compounds. 


Figure  6.  Temperature  dependence  of  thermoelectric  figure 
of  merit  (ZT)  for  a  crystal  of  P-K2BigSe13. 


Bi  -  Bi  bond 


Figure  7.  The  structure  of  CsBi4Te6.  Large  black  circles 
are  Cs  atoms,  open  circles  are  Te  atoms  [9]. 

Finally,  the  new  phase  CsB^Te#  also  seems  very  promising 
[12,  13].  The  compound  is  a  layered  anisotropic  material  which 
grows  in  a  needle  type  morphology.  It  is  composed  of  anionic 
[BLtTeg]  layers  alternating  with  layers  of  Cs  ions,  see  Figure  7. 
The  average  oxidation  state  of  Bi  is  less  than  three  with  some  of 
the  Bi  atoms  forming  Bi-Bi  bonds.  The  presence  of  such  bonds 
is  very  unusual  in  bismuth  chalcogenide  chemistry  and  it  is 
unclear  what  role  they  play,  if  any,  in  the  thermoelectric 
properties  of  the  material.  The  Bi  coordination  geometry  is 
octahedral.  Preliminary  data  show  that  crystals  of  CsBi4Te6  have 
room  temperature  electrical  conductivities  as  high  as  2440  S/cm 
which  is  much  higher  than  that  of  optimized  Bi2Te3  (-850 
S/cm).  The  room  temperature  thermopower  ranges  from  90  to 
120  pV/K,  lower  than  the  220  pV/K  typically  found  for 
optimized  Bi2Te3. 

The  thermal  conductivity  of  pressed  pellets  of  CsBi4Te6  is  in  the 
range  0.9-1.8  W/m-K  comparable  to  that  of  Bi2Te3.  These 
values  give  rise  to  a  relatively  high  room  temperature  ZT  of  0.8 
at  a  ZTmax  of  0.95.  To  calculate  the  ZT  we  had  to  use  thermal 
conductivity  values  obtained  from  a  pressed  pellet  since  we  are 
unable  to  make  such  measurements  on  small  single  crystals. 
Therefore,  the  true  ZT  values  may  be  off  by  20-30%.  Here  we 
ask:  does  the  Wiedeman -Franz  law  apply  in  such  narrow  gap 


semiconductors  and  if  yes  how  much  of  the  Ke  is  accounted  for 
by  the  measured  value  of  the  pressed  pellet?  To  best  address  this 
question  we  need  to  obtain  thermal  conductivity  data  on  large 
single  crystals  of  CsBi4Te6.  These  ZT  values  are  some  of  the 
highest  ever  reported  (near  room  temperature)  for  a  material  other 
than  Bi2Te3.  Improvements  in  the  sample  preparation  of 
CsBi4Te6  and  appropriate  doping  should  result  in  significant 
enhancements  in  TE  properties. 

Undoubtedly,  exploratory  synthetic  investigations  are  needed  to 
reveal  promising  new  materials  with  superior  thennoelectric 
properties.  By  creating  complex  multinary  compounds  with 
lower  symmetry  and  larger  cell  asymmetric  units,  the  thermal 
conductivity  can  be  decreased  substantially  below  that  of 
optimized  Bi2Te3.xSex  alloy. 
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Abstract 

We  have  tried  to  dope  (3-Zn4Sb3  with  Sn  for  the  purpose  of  the 
p-type  doping  and  the  enhancement  of  phonon  scattering, 
which  further  improve  the  thermoelectric  properties  of 
P-Zn4Sb3.  Polycrystalline  samples  doped  with  Sn  were 
prepared  by  the  spark  plasma  sintering  method  Although  no 
other  phase  was  observed  except  for  |3-Zn4Sb3  in  Sn-doped 
samples  up  to  3%,  their  lattice  constants  were  not  at  all 
changed  from  that  of  bulk  p-Zn4St>3,  indicating  that  Sn  was 
not  unfortunately  substituted  for  Sb.  These  results  suggest 
that  microcrystals  of  Sn  is  dispersed  in  grain  boundary  regions 
of  p~Zn4Sb3.  The  Seebeck  coefficient  was  almost  unchanged, 
and  the  electrical  conductivity  was  slightly  decreased  by  doping 
P-Zn4Sb3  with  Sn,  indicating  that  Sn  dose  not  act  as  a  dopant. 

On  the  other  hand,  the  thermal  conductivity  was  lowered  from 
8.66mW/cmK  of  the  non-doped  sample  to  6.88mW/cmK  of 
the  3%  Sn-doped  sample  at  room  temperature.  This  lowering 
of  the  thermal  conductivity  was  considered  to  be  due  to  the 
point  defect  phonon  scattering  induced  by  inclusions  of  Sn. 

Introduction 

In  the  intermetallic  compound  Zn-Sb  system,  ZnSb,  Zn4Sb3 
and  Zn3Sb2  compounds  have  been  well  identified  ZnSb  has 
been  known  as  a  famous  thermoelectric  material  since  Seebeck 
reported  it  in  1820  to  have  a  reasonably  high  figure  of  merit 

[1  ].  We  investigated  the  growth  and  thermoelectric  properties 
of  ZnSb  films  [2]  and  sintered  alloys  [3]  in  order  to  obtain  the 
single  phase  of  ZnSb,  of  which  growth  is  difficult  due  to  the 
peritectic  reaction  [4].  Zn4Sb3  andZn3Sb2  were  reported  to  be 
stable  and  metastable,  respectively  [4],  For  Zn4Sb3,  three 
phases,  a-,  (3-  and  y-Zn4Sb3,  are  known  [4].  P-Zn4Sb3,  which 
is  stable  in  the  temperature  range  from  -10  to  492°C  [5],  was 
reported  to  have  semiconducting  properties  [5,6]  and 
abnormally  low  thermal  conductivity  (6.5mW/cmK)  [7]. 
Recently,  much  attention  to  p~Zn4Sb3  has  been  attracted 
because  of  its  p-type  high  thermoelectric  performance  since  T. 
Caillat  et  al  reported  its  thermoelectric  properties  [8,9]. 

We  have  tried  to  dope  p~Zn4Sb3  with  Sn  in  order  to  improve 
further  its  thermoelectric  performance.  Since  p-Zn4Sbj  is  a 
p-type  semiconductor,  the  substitution  of  Sb  (V  element)  for 
Sn  (IV  element)  leads  to  the  generation  of  carriers  (holes). 
Furthermore,  the  possibility  exists  that  Sn  might  act  as  a 
inclusion  which  induces  the  point  defect  phonon  scattering, 
leading  to  reduction  of  the  thermal  conductivity  k  of  P-Zn4Sb3. 

In  this  paper,  we  report  some  results  on  the  preparation  and 
thermoelectric  properties  of  Sn-doped  p-Zn4Sb3. 


Experiment 

Sn-doped  p-Zn4Sb3  was  sintered  by  the  spark  plasma  sintering 
method  The  crystal  structure  was  checked  by  the  x-ray 
dffraction  measurement.  The  electrical  conductivity  a  and 
Seebeck  coefficient  S  were  measured  in  the  temperature  range 
from  300  to  800K.  The  Hall  measurements  were  made  at 
room  temperature  to  examine  the  carrier  concentration  and  the 
mobility.  The  thermal  conductivity  k  was  calculated  from  the 
density,  heat  capacity  and  thermal  diffusivity.  The  heat 
capacity  and  thermal  diffusivity  were  measured  by  using  the 
laser  flush  method  in  the  temperature  range  from  300  to  700K 

Zn  (99.999%  pure)  and  Sb  (99.9999%  pure)  powders  were 
mixed  in  the  molar  ratio  Zn:Sb=4.03:3.00,  which  took 
account  of  deficiency  of  Zn  due  to  evaporation  during  the 
following  reaction  and  sintering  processes.  Sn  powder 
(99.99%  pure)  was  also  mixed  as  a  dopant  with  the  mixture 
of  Zn  and  Sb.  The  introduced  dopant  concentration  was 
changed  from  1%  to  5%  of  an  Sb  amount.  The  mixture  of 
these  powders  was  molded  into  a  pellet,  and  was  reacted  by  the 
solid  state  interiffusion  at  22(M00°C  for  48h  in  a  Pyrex 
ampule  filled  with  Ar  gas.  When  the  reaction  temperature  was 
lower  than  300°C ,  only  Zn,  Sb  and  ZnSb  phases  were 
observed,  and  no  £-Zn4Sbj  phase  was  grown.  Although  the 
(3-Zn4Sb3  phase  was  grown  at  temperatures  higher  than  300°C, 
the  ZnSb  phase  appeared  again  in  addition  to  the  p-Zn4Sl>3 
phase  when  the  reaction  temperature  was  increased  beyond  400 
°C.  From  these  results,  we  decided  that  the  reaction 
temperature  was  350°C.  The  resultant  pellet  was  crushed  and 
ground  to  powder  diameter  of  several  fxm.  The  p-Zn4Sb3  was 
sintered  using  this  obtained  powder  in  an  Ar  atmosphere  by 
the  spark  plasma  sintering  method.  The  sintering  temperature, 
pressure  and  time  were  400  °C  ,  35MPa  and  1  hour, 
respectively.  The  sintering  temperature  was  limited  to  this 
temperature  for  obtaining  the  single  phase.  When  the 
sintering  temperature  was  higher  than  400°C ,  the  Zn4Sb3 
phase  was  decomposed  to  ZnSb  and  Zn  phases. 

Results  and  Discussion 

The  density  of  the  samples  were  typically  as  high  as  98%,  and 
tends  to  increase  with  an  increase  in  the  Sn  concentration. 
This  result  suggests  that  Sn  acts  as  a  sintering  aid  for  the 
sintered  p-Zn4Sb3.  An  increase  in  the  density  by  addition  of 
Sn  was  also  observed  on  the  sintered  ZnSb  [3]. 

Figure  1  shows  the  x-ray  diffraction  patterns  of  0-5% 
Sn-doped  fTZ^Stv  In  the  patterns  of  the  0-3%  Sn-doped 
samples  only  peaks  of  p-Zn4Sb3  phase  are  observed,  whereas 
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Fig.  1  X-ray  diffraction  patterns  of  0-5%  Sn-doped 
P-Zn4Sb3. 


for  the  5%  Sn-doped  sample  the  ZnSb  phase  was  grown  in 
addtion  to  the  (3-Zn4Sb3  phase.  This  growth  of  ZnSb  phase  is 
attributed  to  the  deficiency  of  Zn  die  to  the  reaction  between 
Zn  and  Sn  at  the  reaction  temperature  of  350°C,  judging  from 
the  Zn-Sn  phase  dagram  [10].  Hereafter,  for  the  0-3% 
Sn-doped  samples  which  have  a  p-Zn4Sb3  single  phase  their 
thermoelectrical  properties  were  investigated. 

From  dffraction  angles  of  these  samples  shown  in  Fig.  1,  the 
lattice  constants  a  and  c  were  calculated  Unfortunately,  the 
values  of  a  and  c  were  hardy  changed  by  changing  the  Sn 
concentration.  These  results  suggest  that  microcrystals  of  Sn 
were  dspersed  in  boundaries  of  p-Zn4Sb3  grains.  An  excess  of 
Zn  is  considered  to  be  evaporated  due  to  its  high  vapor 
pressure. 

Figures  2  and  3  show  the  temperature  dependence  of  the 
electrical  conductivity  a  and  the  Seebeck  coefficient  5, 
respectively,  for  the  0-3%  Sn-doped  p-Zn4Sb3.  The  values  of 
a  are  scattered  and  the  values  of  S  suddenly  drop  at 
temperatures  higher  than  -750K,  which  is  near  the 
transformation  temperature  from  (3-  to  y-Zn4Sb3.  The  results 
of  a  and  S  measurements  for  our  non-doped  Zn4Sb3  sample  are 
in  agreement  with  the  results  of  T.  Caillat  et  d.  [8].  For 
eveiy  samples,  as  the  temperature  is  increased  a  increases  and 
S  decreases  in  the  temperature  range  above  -600K,  indicating 
that  p~Zn4Sb3  shows  an  intrinsic  behavior.  At  temperatures 
lower  than  -600K,  the  values  of  cr  for  Sn-doped  samples  are 
reduced  from  those  for  the  non-doped  one.  In  order  to 
investigate  this  reduction  of  cr,  measurements  of  the  Hall 
coefficient  were  performed  at  room  temperature.  The  carrier 
concentration  of  the  3%  Sn-doped  sample  was  5  X  10I9cm'3, 
and  was  approximately  a  quarter  of  that  for  the  non-doped 


Fig. 2  Temperature  dependence  of  electrical  conductivity 
a  for  0-3%  Sn-doped  (3-Zn4Sb3. 


Temperature  (K) 


Fig. 3  Temperature  dependence  of  Seebeck  coefficient  S 
for  0-3%  Sn-doped  p-Zn4Sb3. 

sample  (2  X  102Ocm'3).  From  the  fact  that  Sn  was  not 
substituted  for  Sb,  it  can  be  understood  that  Sn  dose  not  act  as 
a  dopant  contrary  of  our  idea  Since  carriers  are  compensated 
by  Sn  at  grain  boundaries,  the  carrier  concentration  is  reduced 
On  the  other  hand,  the  Hall  mobility  for  the  3%  Sn-doped 
sample  was  increased  to  ~44cm2/Vs,  as  compared  with  the 
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Fig.4  Thermal  conductivity  k  at  room  temperature  as  a 
function  of  Sn  concentration. 


mobility  of  ~20cm2/Vs  for  the  non-doped  sample.  This  reason 
is  closely  related  to  the  improvement  of  the  density  of  samples 
by  doping  P-Zn4Sb3  with  Sn. 

Although  the  Sn-doped  samples  have  a  similar  temperature 
dependence  of  Seebeck  coefficient  to  that  of  non-doped  one,  the 
values  of  Seebeck  coefficient  of  the  Sn-doped  samples  are 
slightly  larger  than  those  of  non-doped  one.  Especially,  for 
the  3%  Sn-doped  sample  the  values  of  S  are  larger  than  those 
of  non-doped  one  at  temperatures  higher  than  -650K.  As  a 
result,  the  power  factor  S2a  of  the  3%  Sn-doped  sample  was 
improved  at  temperatures  higher  than  -600K,  and  the 
maximum  power  factor  of  14.4p,W/cmK2  was  obtained  at 
733K. 

Figure  4  shows  the  Sn  concentration  dependence  of  the 
thermal  conductivity  k  at  room  temperature  for  Sn-doped 
P-Zn4Sb3.  The  value  of  k  for  our  non-doped  p-Zn4St)3  sample 
was  the  almost  same  as  for  the  sample  of  T.  Caillat  et  d.  [8]. 
As  the  Sn  concentration  is  increased,  the  value  of  k  is  reduced 
up  to  3%,  and  then  increased  The  value  of  k  for  the  3% 
Sn-doped  sample  is  6.88mW/cmK,  which  is  about  20%  lower 
than  that  for  the  non-doped  samples  (8.66mW/cmK).  The 
decrease  in  k  caused  by  the  Sn  doping  is  attributed  to  the  point 
defect  phonon  scattering  by  Sn  at  grain  boundaries.  The 
increase  observed  at  5%  is  related  to  the  growth  of  ZnSb 
phase,  of  which  value  of  k  is  typically  ~27mW/cmK  [11], 
From  these  results,  it  is  found  that  the  Sn  addition  is 
reasonably  effective  for  the  reduction  of  k  for  p-Zn4Sb3. 

Figure  5  shows  the  temperature  dependence  of  the  thermal 
conductivity  k  for  the  non-  and  3%  Sn-doped  (3-Zn4Sb3.  The 
thermal  conductivity  k  for  the  Sn-doped  sample  is  lower  in  the 


Temperature  (K) 

Fig. 5  Temperature  dependence  of  thermal  conductivity  k 
for  non-  and  3%  Sn-doped  p-Zn4Sb3. 

whole  temperature  range  than  that  for  the  non-doped  sample. 
As  the  temperature  is  increased,  k  is  decreased  up  to  ~500K 
because  of  the  enhancement  of  the  phonon-phonon  scattering. 
At  temperatures  higher  than  ~550K,  at  which  the  samples 
almost  had  the  intrinsic  behavior,  k  is  increased  with  an 
increase  in  the  temperature  since  the  thermal  conduction  by 
electrons  is  dominant.  A  value  of  the  minimum  thermal 
conductivity  k  for  the  non-doped  sample  is  slightly  high  as 
compared  with  the  result  of  T.  Caillat  et  d.  [3].  It  seems 
probable  that  this  increase  in  k  was  related  to  the  partial 
transformation  to  y-Zn4Sb3  by  repeated  irradation  of  the  ruby 
laser  with  high  power  while  the  sample  temperature  was 
increased  from  room  temperature. 

Figure  6  shows  the  temperature  dependence  of  the 
dimensionless  thermoelectric  figure  of  merit  ZT  of  the  3% 
Sn-doped  P-ZotSb^  as  compared  with  that  of  the  non-doped 
one.  Since  the  reduction  of  the  thermal  conductivity  k 
canceled  the  reduction  of  the  electrical  conductivity  a  for  the 
Sn-doped  sample,  the  thermoelectric  figure  of  merit  Z  was  not 
improved  by  doping  (3Zn4Sb3  with  Sn  at  temperatures  lower 
than  ~550K.  However,  the  values  of  ZT  for  the  Sn3%-doped 
sample  are  in  excess  of  those  for  the  non-doped  sample  at 
temperatures  higher  than  ~550K  owing  to  improvement  of  the 
Seebeck  coefficient. 

Conclusion 

The  thermoelectric  properties  of  Sn-doped  p-Zn4Sb3  have  been 
investigated  in  order  to  improve  further  its  good  thermoelectric 
performance.  Although  the  single  phase  of  p-Zn4Sb3  was 
obtained  up  to  3%  Sn  concentration,  the  lattice  constant  of 
Sn-doped  samples  was  hardly  changed,  indicating  that  Sn  was 
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Fig.  6  Temperature  dependence  of  dmensionless 
thermoelectric  figure  of  merit  for  non-  and  3%  Sn-doped 
p-Zn4Sb3. 

not  substituted  for  Sb.  From  the  results  of  x-ray  diffraction 
measurements,  it  was  suggested  that  microciystals  of  Sn  are 
dispersed  in  the  region  of  grain  boundaries.  These 
microcrystals  of  Sn  bring  about  the  reduction  of  carrier 
concentration  and  thermal  conductivity  of  P-Zn4Sb3.  As  a 
result,  the  thermoelectric  figure  of  merit  Z  was  hardly 
improved  at  temperatures  lower  than  ~550K.  However,  above 
this  temperature  Z  was  improved  because  of  an  increase  in  the 
Seebeck  coefficient.  Based  on  the  results,  we  expect  that  the 
addition  of  third  element  to  |3-Zn4Sb3  reduces  the  thermal 
conductivity  without  degrading  the  electrical  properties. 
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Abstract 

Porous  Y203  ceramic  was  found  to  show 
huge  thermopower  values  up  to  -50  mV/K  at 
900-1,000  K  in  vacuum,  but  not  in  air.  Such 
huge  thermopowers  may  be  generated  by  the 
electron  gas  emitted  from  the  internal  surfaces 
of  the  pores  and  are  associated  with  some 
unknown  effects.  The  non-dimensional  thermo¬ 
electric  figure  of  merit,  ZT,  of  this  porous 
ceramic  was  as  large  as  ~0.95  at  -950  K,  and 
hence  it  can  be  used  as  a  new  thermoelectric 
material. 

Introduction 

Tellurides  and  selenides  of  Bi,  Sb,  Pb, 
etc.  and  SiGe  alloys  have  so  far  been 
developed  as  high-Z  materials[l].  Recently 
investigations  of  new  materials  such  as  CoSb3 
solid  solutions[2,3]  and  superlattice  structured 
thin  films[4-6]  are  actively  carried  out  since 
they  are  expected  to  meet  the  criterion,  ZT>1. 
We  have  recently  discovered  that  huge 
thermopower  values  of  about  -50  mV/K  can  be 
generated  by  porous  yttrium  oxide  (Y203) 
ceramic  at  high  temperatures  (900~1,000K)  in 
vacuum  (~1.3xlO'3Pa)[7]  . 

In  general,  metals  show  only  small 
thermopowers  of  the  order  of  a  few  tens  of 
pV/K  and  semiconductors  show  some  hundreds 
of  pV/K.  Insulators  typically  have  very  large 
thermopower  values,  but  the  thermopower  of 
insulators  is  hard  to  measure.  Sher  has 
reported  that  a  porous  body  of  (Ca,  Sr,  Ba)0 
solid  solution  having  low  work  function  (~1.7 
eV)  also  generates  large  thermopower  of  about 
-2  mV/K  at  1,000K  in  vacuum  (-1.3x10" 
5Pa)[8].  In  the  present  study,  however,  porous 
Y203  ceramic  demonstrated  one  order  of 
magnitude  larger  thermopower. 


Experimental 

Porous  Y203  ceramic  was  fabricated  by 
common  ceramic  processing  techniques.  The 
starting  powder  of  Y203  (Kojundo  Chemical 
Laboratory,  99.9%  pure)  was  mixed  with  20- 
25  wt%  liquid  paraffin.  The  mixture  was 
packed  in  a  rubber  bag,  isostatically  pressed  at 
196  MPa,  and  fired  at  1,723K  for  1  h  in  air. 
The  porosity  was  measured  in  pure  water  by  an 
Archimedes  method.  Electrical  conductivity 
and  thermopower  were  simultaneously  mea¬ 
sured  under  vacuum  (~1.3xlO"3Pa)  or  in  air. 
Details  of  the  method  of  measurement  for 
ceramic  specimens  are  described  elsewhere[9]. 
Electrical  conductivity  was  measured  by 
the  dc  4-probe  method  by  using  each  Pt  leg  of 
the  thermocouple  as  a  current  lead.  Two  more 
Pt  leads  wound  around  the  specimen  were  used 
to  measure  the  voltage  drop.  For  thermo¬ 
electromotive  force  measurements,  a  temper¬ 
ature  gradient  in  the  specimen  was  generated 
by  passing  cool  air  in  an  alumina  protection 
tube  placed  near  one  end  of  the  specimen.  The 
temperature  difference  between  the  two  ends 
was  controlled  to  be  2  to  15  K  by  varying  the 
flow  rate  of  air.  Thermoelectromotive  force 
measured  as  a  function  of  the  temperature 
difference  gave  a  straight  line  and  the  Seebeck 
coefficient  was  calculated  from  its  slope. 

Thermal  diffusivity  and  specific  heat 
capacity  were  measured  by  the  usual  laser 
flash  method.  The  disk  specimen  was  set  in  an 
electric  furnace,  and  heated  up  to  a  target 
temperature  under  vacuum.  After  the  tem¬ 
perature  became  stabilized,  the  front  surface  of 
the  specimen  was  irradiated  with  a  ruby  laser 
pulse.  The  temperature  variation  at  the  rear 
surface  was  monitored  with  a  Pt-Ptl3%Rh 
thermocouple  and  an  InSb  infrared  detector. 
The  thermal  conductivity  was  calculated  from 
thermal  diffusivity,  specific  heat  capacity,  and 
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T/K 


Fig.  1  Temperature  dependencies  of  the 
thermopower,  a,  for  two  specimens,  A  and  B, 
with  different  porosities,  p.  The  values  of  a 
for  specimen  A  measured  in  air  are  shown  for 
comparison. 

density. 

Results  and  Discussion 

Figure  1  shows  the  temperature  depend¬ 
encies  of  the  thermpower  for  two  specimens 
with  different  porosities  whose  micro¬ 
structures  are  shown  in  Fig.  2.  It  can  be 
clearly  seen  that  huge  thermopower  of  the 
order  of  -50  mV/K  is  generated  at  900-1,000  K 
in  vacuum.  The  huge  thermopower  of  porous 
Y203  ceramic  is  considered  to  be  associated 
with  the  fact  that  Y203  possesses  a  rather  low 
work  function  (~2.0  eV)[10],  Namely,  when 
the  temperature  is  raised  in  vacuum, 
thermionic  emission  takes  place  from  the 
internal  surfaces  of  the  pores  giving  rise  to  an 
electron  gas  filling  the  pores.  The  huge 
thermopower  must  have  been  generated  by 
applying  the  temperature  difference  to  the 
electron  gas.  As  shown  in  Fig.  1,  only  small 
thermopower  was  observed  in  air,  which 
indicates  that  thermionic  emission  hardly  took 
place  because  of  the  presence  of  air  molecules. 


(A)  (B) 

I - H 

3  n  m 

Fig.  2  SEM  photographs  of  the  fractured 
surfaces  of  the  porous  specimens;  (A) 
porosity=39%,  (B)  porosity=32%. 

However,  theoretical  evaluation  of  the 
thermopower  of  free  electrons  using  a 
simplified  equation[ll]  cannot  explain  such  a 
huge  thermopower,  so  that  some  other 
unknown  effects  must  be  responsible,  though 
they  remain  to  be  clarified  in  future  studies. 

Our  measurement  indicates  the  electrical 
conductivity,  a,  (d.c.  four  probe  technique) 
increases  gradually  with  increasing  temper¬ 
ature  up  to  ~850  K  under  vacuum,  and  is 
approximately  the  same  as  that  measured  in 
air,  as  shoow  in  Fig.  3.  Above  ~850  K  o 
suddenly  increases,  deviating  sharply  from  the 
value  measured  in  air.  This  observation  clearly 
indicates  that  thermionic  emission  takes  place 
above  ~850  K  in  vacuum  but  not  in  air.  Both 
the  electrical  conductivity  and  the 
thermopower  begin  to  decrease  when  the 
temperature  is  raised  above  ~1,000  K.  The 
reason  for  this  phenomenon  is  still  unknown. 

The  thermal  conductivity,  k,  of 
specimen  A  with  39%  porosity  measured  under 
vacuum  by  a  laser  flash  method  decreased 
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Fig.  3  Temperature  dependencies  of  the 
electrical  conductivity,  a,  for  two  specimens, 
A  and  B,  with  different  porosities,  p.  The 
values  of  o  for  the  specimen  A  measured  in  air 
are  shown  for  comparison. 

slightly  with  increasing  temperature  and  was 
as  low  as  1.42-1.62  WR'in'1  at  700  -1100  K 
as  shown  in  Fig.  4.  Sher  has  demonstrated 
that  the  thermal  conductivity  of  a  porous  body 
of  the  (Ca,Sr,Ba)0  solid  solution  was  of  the 
order  of  10'3~10'4  WK  ’m'1,  and  that  the 
radiation  in  the  pores  was  the  predominant 
mechanism  for  heat  transport  where  k 
increased  with  increasing  temperature[8]. 
However,  this  was  not  the  case  for  porous 
Y203  ceramics,  and  usual  lattice  thermal 
conduction  in  the  Y203  matrix  phase  must 
have  dominated  the  heat  transport  process  in  a 
porous  body. 

Combination  of  the  measured  o,  a,  and 
k  enabled  us  to  calculate  the  values  of  Z  for 
porous  Y203  ceramic.  The  obtained  Z  was  as 
large  as  -l.OxlO'3  K'1  at  950K  (ZT-0.95), 
almost  meeting  the  criterion,  ZT>1.  Although 
it  should  be  possible  to  optimize  for  larger  Z 
values  in  a  wider  temperature  range,  this  new 
material  is  expected  to  become  a  promising 
candidate  for  the  future  thermoelectric  energy 


Fig.  4  Temperature  dependence  of  thermal 
conductivity,  k,  for  specimen  A  with  39% 
porosity. 

conversion.  The  potential  problem  of  integ¬ 
rating  this  material  in  working  devices  is  that 
it  only  works  at  high  temperatures  in  vacuum. 
However,  this  problem  could  be  overcome  if 
the  devices  can  be  suitably  confined  in  a 
vacuum  container,  or  if  they  are  operated  in 
space. 
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We  calculate  the  thermopower  and  efficiency  of  the  ther¬ 
moelectric  effect  in  systems  which  have  a  conductivity  thresh¬ 
old  (as  function  of  the  electronic  energy).  For  example,  dis¬ 
ordered  metals  near  the  mobility  edge  (i.e.,  at  the  metal- 
insulator  transition).  Near  such  a  threshold  the  thermopower 
and  thermoelectric  efficiency  (i.e,  figure  of  merit)  are  en¬ 
hanced.  The  figure  of  merit  ZT  can  be  made  much  larger 
than  unity,  however  at  the  price  of  low  power  output.  In 
the  presence  of  minimal  lattice  heat  conductivity  we  calculate 
ZT  ~  6  near  the  threshold.  The  enhancement  effect  is  uni¬ 
versal  in  the  sense  that  it  ensues  from  a  competition  between 
two  physical  mechanisms  which  sustain  the  the  steady-state 
thermopower.  Any  system  that  exhibits  an  electrical  conduc¬ 
tivity  threshold  and  low  lattice  thermal  conductivity  is  a  good 
candidate  for  observing  such  an  enhancement. 

I.  INTRODUCTION 

It  is  well  known  that  the  thermopower  is  sensitive 
to  the  energy  dependence  of  the  conductivity.  This  is 
demonstrated  by  the  Mott  formula  for  the  thermopower 
of  macroscopic  metals  which  is  (in  the  Sommerfeld  ap¬ 
proximation) 

n  7 r2  k%T  d( In  cr) 

s~  Y~  drT 

In  Eq.  (1)  the  temperature  is  denoted  by  T,  kB  is  the 
Boltzmann  constant,  //  is  the  chemical  potential,  e  is  the 
magnitude  of  the  electronic  charge  unit  and  cr  is  the  elec¬ 
tric  conductivity.  However,  the  Sommerfeld  approxima¬ 
tion  is  only  valid  when  the  conductivity  varies  slowly  on 
the  scale  of  kBT.  Near  a  conductivity  threshold  (as  func¬ 
tion  of  energy)  Eq.  (1)  breaks  down,  and  one  must  calcu¬ 
late  the  transport  coefficients  more  carefully.  As  we  shall 
show,  the  thermoelectric  properties  change  dramatically 
in  the  vicinity  of  such  a  threshold. 

A  wide  variety  of  systems  can  be  constructed  in  or¬ 
der  to  implement  such  a  threshold.  For  example,  one 
can  exploit  the  Mott  or  Anderson  metal-insulator  transi¬ 
tion.  In  general,  any  system  in  which  one  can  control  the 
conductance  as  function  of  energy  and  create  a  thresh¬ 
old  beyond  which  the  conductance  is  zero  will  suffice.  In 
this  sense  the  effects  we  will  demonstrate  are  universal 
The  advances  in  fabrication  of  new  materials  is  therefore 


very  promising  for  the  possibility  to  observe  the  effects 
we  shall  describe  below. 

We  begin  in  Sec.  II  with  a  description  of  the  expres¬ 
sions  for  the  relevant  thermoelectric  properties.  In  Sec. 
Ill  we  explain  the  mechanisms  which  dictate  the  behav¬ 
ior  of  thermopower  and  the  figure  of  merit.  This  leads  to 
an  understanding  of  the  enhancement  of  both  properties 
near  a  conductivity  threshold,  in  the  limit  of  zero  lattice 
heat  conduction.  Finally,  we  discuss  a  realistic  scenario 
which  incorporates  lattice  conductance,  and  find  that  the 
figure  of  merit  can  reach  values  of  ZT  ~  6.  Such  large 
values  would  provide  significant  benefits  in  many  techno¬ 
logical  applications  [1,2]. 

II.  TRANSPORT  COEFFICIENTS 

Consider  a  typical  transport  measurement  setup.  Two 
electron  reservoirs,  with  chemical-potentials  \ir  and 
temperatures  Tj,,  Tr,  are  connected  by  a  conductor. 
Within  the  linear  response  theory,  thermoelectric  trans¬ 
port  between  the  two  reservoirs  can  be  formulated  in  a 
matrix  form 

(i)  =  (£,.S)(w4‘=S/*)"1'  (2) 

where  Tl  —  Tr  =  AT,  L  is  the  transport  coefficient 
matrix  and  F  represents  the  thermodynamic  generalized 
forces.  The  matrix  elements  are  identified  as  follows:  Ln 
is  the  electric  conductance  at  zero  temperature  difference, 
L12  and  L21  are  the  thermoelectric  coefficients  and  L22 
is  the  heat  conductance  at  zero  electric  potential  differ¬ 
ence.  In  the  continuum  limit  differences  are  transformed 
into  gradients  and  conductances  into  conductivities.  The 
transport  coefficients  can  generally  be  written  [3]  as 

L„  =  e!y“  K(E)(-^jdE,  (3) 

Lm  =  y  /_“  E(£)  (E  -  (-|i )<IE,  (5) 
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where  D(jE')  includes  all  energy  dependent  properties  of 
the  conducting  region.  Physically,  E  determines  the  con¬ 
ductivity  and  contains  information  about  the  type  of 
charge  carrier  (e.g.,  electrons  or  holes),  the  carrier  scat¬ 
tering  mechanisms,  mobility,  and  density  of  states.  The 
Fermi  distribution  function  is  denoted  by  f(E). 

The  thermopower  of  a  system  is  defined  as  the  volt¬ 
age  bias  V  developed  by  the  system  in  response  to  an 
applied  temperature  difference  AT,  under  the  constraint 
of  an  open  circuit  (i.e.,  1  =  0).  In  order  to  evaluate  the 
thermopower  S  we  use  the  relation 

S  =  -L12/Ln.  (6) 

It  is  useful  to  define  the  following  additional  quantity, 
which  provides  a  measure  for  the  efficiency  of  the  ther¬ 
moelectric  effect  [4] 


Note  that  A  is  related  to  the  figure  of  merit  of  the  system 
Z  (the  traditionally  used  quantity  [1])  by  A  =  ZT/( I  + 
ZT).  A  is  a  more  natural  quantity  to  define  than  Z , 
since  0  <  A  <  1  and  since  A  is  dimensionless,  while 
Z  ranges  from  zero  to  infinity  and  has  the  dimensions 
of  inverse  temperature.  A  is  a  measure  of  the  rate  of 
entropy  production  in  the  transport  process.  This  can 
be  seen  by  writing  the  entropy  current  Js  =  Q/T  as 

Js  =  SI  +  ~AT,  (8) 

1  Ln 

where  S  is  the  thermopower  and  D  =  |L|  =  L11L22  — 
L12L21.  Indeed,  when  I  =  0  and  A  =  1,  i.e.,  D  =  0, 
then  Q  =  Js  =  0.  Therefore,  the  entropy  production, 
which  in  the  notation  of  Eq.  (2)  can  be  written  as  FLF,  is 
zero  and  the  thermoelectric  effect  is  most  efficient.  When 
A  <  1,  the  second  term  on  the  right  hand  side  of  Eq.  (8) 
leads  to  an  entropy  current,  even  in  the  absence  of  a  net 
electric  current:  the  net  electric  current  vanishes  because 
the  current  from  the  left  is  canceled  by  the  current  from 
the  right.  However,  a  charge  moving  from  right  to  left 
changes  the  entropy  by  a  different  amount  than  a  charge 
moving  in  the  opposite  direction.  Thus,  the  tempera¬ 
ture  gradient  results  in  generation  of  entropy,  making 
the  thermoelectric  process  less  efficient. 

III.  THERMOPOWER  AT  A  CONDUCTIVITY 
THRESHOLD 

A.  Specific  Examples 

Both  the  thermopower  S  and  the  efficiency  A  have  a 
strong  dependence  on  the  functional  form  of  the  conduc¬ 
tivity  vs.  energy  relationship.  We  show  specific  examples 


of  this  behavior  of  S  and  A  in  the  vicinity  of  a  conduc¬ 
tivity  threshold.  In  practice,  the  state  of  the  system  is 
shifted  with  respect  to  the  threshold  by  changing  the 
chemical-potential . 

The  Anderson  Metal- Insulator  Transition:  A  conductiv¬ 
ity  threshold  is  realized  by  the  mobility  edge  in  disordered 
3D  metals.  At  a  critical  energy  Ec  a  second  order  tran¬ 
sition  occurs,  and  the  metal  becomes  an  insulator.  The 
behavior  of  the  thermopower  and  its  efficiency  at  the  mo¬ 
bility  edge  have  been  studied  before.  On  the  insulating 
side  (fi  <  Ec)y  Cutler  and  Mott  [5]  noticed  that  the  ther¬ 
mopower  scales  like  (pi  —  E^/ksT,  provided  no  hopping 
currents  are  present.  Imry  and  Sivan  [6]  have  shown  that 
in  the  vicinity  of  this  threshold  the  thermopower  reaches 
a  maximum  in  the  conducting  phase.  It  has  also  been 
shown  [7]  that  the  efficiency  near  the  transition  is  en¬ 
hanced  (on  the  conducting  side). 

A  Many- Channel  Ballistic  Wire :  A  quasi- ID  ballistic 
conductor  (e.g.,  a  constricted  2D  electron  gas  or  a  quan¬ 
tum  point  contact)  consists  of  several  channels  corre¬ 
sponding  to  the  transverse  bound  states.  When  a  cur¬ 
rent  is  driven  through  the  conductor,  the  conductance 
is  characterized  by  a  step-like  curve  as  function  of  the 
chemical  potential  [8].  The  thermopower  has  peaks  at 
the  step  boundaries  [9].  Substituting  a  step-like  function 
for  E (E)  in  Eqs.  (3)  -  (5),  one  can  show  [10]  that  the 
efficiency  at  the  step  boundary  between  different  finite 
conductivities  is  much  less  (by  an  order  of  magnitude) 
than  its  value  at  the  threshold.  Below  the  threshold  the 
efficiency  reaches  its  maximum  A  —►  1  (note  that  lattice 
heat  conductance  is  neglected  in  these  systems). 

B.  Interpretation 

For  simplicity  let  us  consider  the  Landauer  approach 
to  transport.  According  to  this  picture  transport  can  be 
viewed  as  a  scattering  process.  The  conductor  is  repre¬ 
sented  by  a  potential  barrier  which  allows  incident  charge 
carriers  to  tunnel  with  a  probability  t(E).  Therefore, 
the  transport  coefficients  are  related  to  t(E)y  and  are  de¬ 
scribed  by  Eqs.  (3)  -  (5),  substituting  E (E)  =  t(E)/Ti. 
This  picture  is  particularly  convenient  when  treating 
transport  in  mesoscopic  systems,  such  as  quantum  wires, 
since  quantum  interference  effects  are  naturally  incorpo¬ 
rated  [10-12].  We  also  note  that  the  following  discussion 
does  not  account  for  lattice  vibrations.  Those  degrees  of 
freedom  will  be  incorporated  in  the  last  section. 

The  anomalous  behavior  of  the  thermopower  and  its 
efficiency  at  a  threshold  of  the  conductivity  is  universal, 
and  can  be  explained  in  the  following  way.  Consider  the 
model  case  of  two  particle  and  heat  reservoirs  connected 
by  a  single  electronic  state  ECy  Fig.  1.  We  will  refer  to 
this  as  a  channel  and  assume  perfect  (ballistic)  transmis- 
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sion  t(Ec )  =  1.  The  initial  state  of  the  reservoirs  is  equal 
Fermi  levels  Ep  and  T  =  0  for  both  reservoirs.  Suppose 
the  channel  energy  Ec>  Ep  and  the  left  hand  reservoir 
temperature  is  raised  to  Tl  =  AT.  A  net  electron  cur¬ 
rent,  going  to  the  right,  develops  due  to  thermally  excited 
electrons  in  the  left  hand  reservoir.  In  order  to  measure 
a  thermopower  we  require  an  electrochemical  bias  to  ef¬ 
fectively  raise  the  Fermi  level  in  the  right  hand  reservoir 
and  impose  the  steady-state  7=0.  The  mechanism  by 
which  the  electric  current  is  set  to  zero  is  purely  electro¬ 
static.  The  single  channel  is  blocked  by  the  counteract¬ 
ing  electric  field  of  the  bias.  In  the  absence  of  currents 
in  the  steady-state  no  entropy  is  produced  and  there¬ 
fore  the  efficiency  is  maximal.  Indeed,  when  solving  Eqs. 
(3)  -  (5)  with  t(E)  =  6(E  -  Ec)  one  obtains  77  =  0  or 
A  =  1  (i.e.,  Z  diverges).  Examining  Eq.  (8)  we  observe 
that  this  mechanism  is  manifested  in  the  thermodynam¬ 
ics  by  setting  the  term  DAT /Thu  to  zero.  This  term 
is  associated  with  entropy  generation  due  to  the  trans¬ 
port  process.  The  thermopower  for  this  system  behaves 
like  S  oc  ( Ec  —  Ep).  This  is  because  the  bias  AV  must 
raise  the  Fermi-level  in  the  right  hand  reservoir  by  the 
gap  energy  Ec  —  Ep  in  order  to  make  the  current,  driven 
by  AT,  vanish.  (This  follows  from  the  definition  of  the 
thermopower,  Sec.  2.) 
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FIG.  1.  A  schematic  description  of  the  transport  between 
reservoirs  through  a  single  electronic  state.  The  left  hand  (right 
hand)  reservoirs  are  in  equilibrium  with  Fermi  functions  /l  (/h). 
The  left  hand  reservoir  is  at  temperature  AT  and  the  right  hand 
at  T  =  0.  The  threshold  energy  is  ECl  creating  a  gap  of  Eg 
above  the  Fermi  level  Ef. 

Now  suppose  we  add  one  more  ballistic  channel  of 
conductance.  For  instance,  a  channel  below  Ep  in  Fig. 
L  Excluding  the  case  of  symmetric  channels  about  the 
Fermi  level,  the  currents  in  both  channels  will  be  dif¬ 
ferent,  owing  to  the  different  thermal  occupancy  of  the 
levels.  (Equivalently,  we  may  consider  channels  with  dif¬ 


ferent  transmissions).  Applying  an  electro-chemical  bias, 
the  system  will  reach  the  steady-state  7  =  0.  However, 
in  contrast  to  the  single  channel,  the  net  electric  current 
is  nullified  by  two  mechanisms.  One  is  the  electrostatic 
field  and  the  second  is  the  cancellation  of  the  currents  in 
the  two  channels.  This  latter  mechanism  is  not  possible 
with  one  channel.  The  cancellation  process  is  responsi¬ 
ble  for  entropy  production  and  is  manifested  by  the  term 
77AT/TLn  in  Eq.  (8).  Hence,  for  a  system  of  more 
than  one  channel  of  conductance  the  efficiency  is  never 
maximal  and  A  <  1. 

The  distinction  between  these  two  mechanisms,  which 
satisfy  an  open  circuit  steady-state,  explains  the  behavior 
of  the  thermopower  in  more  realistic  systems.  Consider 
the  Landauer  model  illustrated  in  Fig.  2.  The  barrier 
(representing  the  conductor)  is  a  generalization  of  the 
two  channel  model.  Above  a  threshold  Ec  we  have  a 
continuum  of  channels  with  energy  dependent  transmis¬ 
sion  t(E).  As  before,  the  initial  state  of  the  reservoirs  is 
equal  Fermi  levels  Ep  and  T  =  0  for  both  reservoirs.  The 
left  hand  reservoir  temperature  is  raised  to  Tl  —  AT. 


FIG.  2.  A  schematic  description  of  the  transport  across  a 
barrier  of  transmission  t.  The  left  hand  (right  hand)  reservoirs 
are  in  equilibrium  with  Fermi  functions  /x  (/h).  The  left  hand 
reservoir  is  at  temperature  AT  and  the  right  hand  at  T  =  0. 
The  barrier  threshold  energy  is  Ec.  Here  we  illustrate  a  gap  Eg 
above  the  Fermi  level  Ef. 

When  the  threshold  energy  Ec  is  lower  than  the 
chemical-potential  of  the  reservoirs,  electrons  are  free  to 
conduct  with  transmission  t(Ep  —  Ec)>  Electrons  from 
the  left  hand  reservoir  above  Ef  are  compensated  by  a 
reverse  current  from  beneath  Ep  in  the  right  hand  reser¬ 
voir.  Due  to  the  energy  dependence  of  the  barrier  trans¬ 
mission  the  total  electron  current  (arising  from  AT)  is 
non-zero.  It  is  set  to  zero  by  a  reverse  bias  A V.  How¬ 
ever,  the  main  process  nullifying  the  electric  current  is 
due  to  compensating  currents.  This  is  accompanied  by 
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entropy  production,  and  thus  the  efficiency  is  low.  The 
thermopower  is,  hence,  a  result  of  the  energy  dependence 
of  the  transmission,  leading  to  typical  metallic  behavior 
[Eq.  (1)]. 

Suppose  the  channel  energy  is  raised  to  the  Fermi  level. 
The  reverse  current  from  right  to  left  is  cut  off.  There¬ 
fore,  in  order  to  cancel  the  total  current  we  need  a  larger 
counter-bias  which  will  reverse  the  currents  in  higher  en¬ 
ergy  levels  until  the  steady-state  is  achieved.  This  en¬ 
hances  the  thermopower  and  also,  due  to  the  smaller  role 
of  the  current-cancellation  mechanism,  enhances  the  ef¬ 
ficiency.  If  one  raises  Ec  even  more  a  gap  is  created  in 
the  conductivity,  and  only  electrons  with  energy  Eg  = 
Ec  —  Ep  above  the  Fermi  level  can  conduct.  Currents  of 
electrons  in  energy  levels  above  the  threshold  are  strongly 
depleted  since  only  thermally  excited  electrons  contribute 
to  the  current  (decreasing  it  exponentially  in  Eg/kpT). 
The  excess  current  from  the  left,  due  to  AT,  can  only 
be  compensated  by  a  bias  AV  —  Eg/e,  plus  a  correction 
to  compensate  for  the  small  currents.  Therefore,  we  ex¬ 
pect  S  ~  Eg.  The  efficiency  is  greatly  enhanced  since 
the  role  of  the  electric  field  mechanism  is  dominant  over 
the  current-cancellation  mechanism  which  produces  en¬ 
tropy.  As  the  gap  is  widened  we  reach  the  limit  of  a  single 
channel  conductance  and  A  — ►  1.  When  both  reservoirs 
have  an  initial  temperature  T  one  must  account  for  the 
smearing  of  the  Fermi  level  in  the  right  hand  reservoir. 
In  particular,  the  limit  A  — »  1  is  reached  for  Eg  kpT 
and  in  this  limit  S  ~  Eg/kpT.  This  behavior  can  also  be 
seen  in  Eqs.  (3)  -  (5).  In  the  limit  Eg  =  fi  —  Tc  >  kpT 
one  can  take  (— df/dE)  &  exp[—  (E  —  ^)/&#T].  Expand¬ 
ing  the  transmission  to  first  order  around  Ec  one  finds 
S  ~  (kp /e)(const.  +  Eg/kpT)  and  A  — ►  1. 

We  note  that  when  the  system  is  below  the  conduc¬ 
tivity  threshold  the  electrical  currents  are  exponentially 
reduced,  and  therefore  the  output  power  generated  is  also 
very  small.  In  other  words,  the  price  we  pay  for  maxi¬ 
mal  efficiency  is  minimal  power.  Also  note  that  the  effect 
discussed  above  is  symmetric  with  respect  to  the  thresh¬ 
old.  If  the  conductivity  vanishes  above  the  threshold  the 
enhancement  effect  is  reversed  accordingly. 


IV.  DISCUSSION 

We  have  shown  that  in  the  absence  of  lattice  heat  con¬ 
duction  the  efficiency  of  thermoelectric  effects  is  greatly 
enhanced  as  the  system  moves  through  a  conductivity 
threshold,  albeit  at  the  price  of  reduced  output  power. 
However,  this  limit  is  never  satisfied.  In  the  best  ther¬ 
moelectric  materials  the  lattice  heat  conductivity  is  of 
the  order  of  ~  10“ 2 W/cm K.  Although  these  values 
are  small  compared  with  the  electronic  heat  conductance 
in  metals  (/ce  ~  1  W/cmK),  as  we  move  towards  the  con¬ 
ductivity  threshold  the  electronic  contribution  diminishes 
until  K\  ~  Ke.  In  this  case  the  efficiency  is  limited  by  /c*. 


This  is  evident  in  the  expression  for  ZT  which  then  be¬ 
comes 


ZT  = 


A 

1  -  A  + 


(9) 


In  Eq.  (9)  we  used  the  relation  for  the  heat  conduc¬ 
tance  at  zero  electric  current  k°  =  L22  —  = 

L22(l  —  A),  where  L22  =  /c°  +  «/.  A  is  the  efficiency 
when  excluding  phonon  conduction.  In  the  limit  A  =  1 
we  find  that  ZT  =  /Cg//cj.  This  value  goes  to  zero  as 
the  system  moves  below  the  threshold  where  the  conduc¬ 
tance  is  zero.  Therefore,  in  order  to  maximize  ZT  we 
must  optimize  the  expression  in  Eq.  (9)  with  respect  to 
A  and  /c°. 


li  fi 

FIG.  3.  The  conductivity,  thermopower  and  efficiency  (ne¬ 
glecting  /c*)  as  function  of  the  chemical  potential  (in  units  of 
ksT).  We  calculated  Eqs.  (3)  -  (5)  when  substituting  a  generic 
E  function  (see  text).  cr0  ~  46,  OOO(Ocm)”1. 

In  order  to  demonstrate  this  we  solved  Eqs.  (3)  - 
(5)  numerically  with  a  generic  function  E (E)  =  (E  - 
Ec)°*/fiao,  where  we  chose  a  threshold  energy  Ec  = 
50 kpT,  and  do  is  the  Bohr  radius.  In  Fig.  3  we  plot 
the  results  for  the  conductivity,  the  thermopower  and 
the  efficiency  function  A.  We  see  that  as  expected  the 
thermopower  increases  linearly  as  the  gap  opens  up,  and 
the  efficiency  quickly  reaches  maximum  values.  Above 
the  threshold  (i.e.,  in  the  metallic  region)  we  obtain 
<t  -  10 S  ~  10 [TV IK,  and  k9  -  lW/cmK. 
These  values  agree  with  measured  values  for  typical  met¬ 
als.  Note  that  the  value  for  Ke  is  temperature  dependent 
and  was  evaluated  at  room  temperature.  In  Fig.  4  we 
plot  the  figure  of  merit  including  the  effect  of  phonons 
Kl  =  10  ~zW/cmK. 
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FIG.  4.  The  figure  of  merit  calculated  as  function  of 
the  chemical  potential  (in  units  of  ksT).  We  evaluated 
Eq.  (9)  which  includes  the  effect  of  phonons.  We  chose 
ki  =  10~3W/cmK  and  calculated  from  Eq.  (5)  at  room 
temperature. 

This  is  comparable  with  values  of  minimal  heat  conduc¬ 
tivity  of  many  non-metallic  crystals  [13].  Note  that  we 
are  not  limited  to  semiconductors.  Any  material  that  ex¬ 
hibits  an  electric  conductivity  threshold  and  these  values 
of  lattice  conductivity  is  a  good  candidate  for  enhanced 
thermopower  and  ZT .  In  this  realization  we  obtain  a 
maximum  value  of  ZT  ~  6.  This  occurs  just  below  the 
threshold,  which  means  we  also  achieve  reasonable  power 
output,  since  the  electrical  conductivity  is  still  of  the  or¬ 
der  of  104(ficm)“1 2. 

As  yet,  we  have  discussed  the  enhancement  of  the  See- 
beck  effect.  Obviously,  the  magnitude  and  efficiency  of 
the  Peltier  effect  will  also  be  augmented.  This  is  sug¬ 
gested  by  the  Kelvin  relation  which  relates  the  Peltier 
and  Seebeck  coefficients.  The  physical  explanation  is 
based  on  the  discussion  in  Sec.  III.  In  essence,  the  ap¬ 
pearance  of  a  gap  acts  like  a  “high-pass  filter”  which 
screens  hot  electrons  from  the  externally  driven  electric 
current.  Hence,  the  heat  current  that  is  generated  by  the 
electric  current  is  larger  than  it  would  be  in  the  absence 
of  a  gap.  The  enhanced  efficiency  is  a  direct  result  of  the 
fact  that  the  electric  current  is  reduced  by  the  gap. 
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In  this  work  we  extend  quantitatively  the  analysis  of  the 
thermoelectric  phenomena  in  structure  with  charge  carri¬ 
ers  of  the  opposite  signs. 

In  p-type  semiconductor  in  the  temperature  field  nonequi¬ 
librium  holes  have  been  shown  to  emerge,  hence  the  ne¬ 
cessity  of  taking  recombination  into  account  occur. 

Boundary  conditions  for  the  electrons  and  holes  on  the  p- 
type  semiconductor-metal  contact  interface  that  take  into 
account  the  surface  recombination  and  the  opportunity  of 
current  flow  through  the  corresponding  surfaces  have  been 
stated. 

General  expressions  for  thermo-emf  and  thermal  flow  in 
hole  semiconductor  are  valid  only  at  the  existence  of  high 
recombination  level.  With  a  weak  recombination  the  hole 
current  which  is  not  found  in  metals  does  not  exist  in  p- 
type  semiconductors  either,  and  thermo-emf  is  constantly 
formed  only  by  electrons. 

Introduction. 

We  shall  consider  a  one-dimensional  problem:  a  monopolar 
p-type  semiconductor  (— a  <  x  <  +a)  characterized  by  the 
chemical  potential  fi°s  with  the  forbidden  band  width  eg 
and  the  work  of  exit  x$  is  closed  by  a  metal  conductor  with 
the  work  of  exit  Xm  and  the  chemical  potential  (counted 
off  from  the  bottom  of  its  conduction  zone)  pm  (see  Fig.  1). 

At  first  we  shall  assume  that  the  temperature  at  all  circuit 
points  is  identical  and  is  equal,  for  definiteness,  to  T*. 
Then  concentration  of  electrons  on  the  semiconductor  is 
determined  by  a  well-known  expression  (p°  —  (T*)): 

no{Tm)  =  7„(T*)exp 

where  7 n(T*)  is  the  density  of  states  at  the  bottom  of 
conduction  zone. 

Chemical  potential  of  holes  /i°(T*)  is  related  to  p°(T*)  by 
a  traditional  (for  equilibrium)  relationship 

A#n  =  -ea  -  A&n,  (1) 

and  their  concentration  is  equal  to 


gun 


Po(T*)  =  7jj(T*)  exp 


Figure  1:  Energy  diagram  of  the  structure  under  investi¬ 
gation  before  the  establishment  of  equilibrium  at  T  =  T*. 
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In  the  process  of  establishing  equilibrium  between  semi¬ 
conductor  and  metal  in  the  vicinity  of  the  surfaces  x  =  dt a 
the  space  charge  layers  and  contact  potential  differences 
will  originate  in  the  semiconductor. 

Later  we  shall  constantly  deal  with  the  approximation  of 
quasi-neutrality  which  is  valid  at  the  satisfaction  of  the 
inequality 


a 2  >  rd 2 

where  rd2  =  is  Debye  radius.  In  this  case  con¬ 

centration  change  in  the  close  to  surface  layers  (of  the  order 
of  rd  wide)  is  much  less  than  the  concentration  itself,  hence 
it  can  be  ignored  (Fig.  2).  The  absolute  charge  values  in 
the  close  to  surface  layers  can  be  rather  significant  result¬ 
ing  in  the  origination  of  sufficiently  large  built-in  fields. 
In  the  quasi-neutrality  approximation  continuous  distri¬ 
bution  of  built-in  field  potential  is  replaced  by  its  abrupt 
change  at  the  interface  (Fig.  3  and  4)  and  Poisson  equa¬ 
tion  becomes  unnecessary.  Contact  potential  difference  <po 
is  easily  found  from  the  condition  of  electrochemical  po¬ 
tential  constancy  in  the  closed  circuit 

VQ  _  gall!)  -  =  0  (2) 

e  e 
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Figure  2:  Distribution  of  electron  concentration  in  semi¬ 
conductor  near  the  contact  with  metal. 


Figure  3:  Similar  to  Fig.  1  after  the  establishment  of  equi¬ 
librium. 


Figure  4:  Distribution  of  built-in  potential. 


When  writing  the  Eq.  (2)  it  was  taken  into  account  that 
1)  chemical  potential  of  metals  is  not  changed  with  the 
establishment  of  equilibrium  on  the  contact,  2)  here  and 
below  —  0,  3)  the  energy  reference  points  in  metal 

and  semiconductor  are  shifted  relative  each  other  by  Aec 
(see  Fig.  3).  Then 

=  \  K(n  -  Mm  -  A£c]  (3) 

Bipolar  Semiconductor  in  the  Temperature  Field. 

Now  we  shall  assume  that  temperature  at  point  x  =  —a 
is  equal  to  Ti,  and  at  point  x  =  +a  it  is  equal  to  T2.  As 
long  as  chemical  potential  of  metals  is  practically  temper¬ 
ature  independent,  the  changes  in  chemical  potential  and 
concentrations  will  concern  only  the  semiconductor. 

In  the  temperature  field: 

/&*)= use n +*/£(*)  (4) 

/!»(*) =^(n+^(*) 

As  long  as  at  this  stage  we  do  not  take  into  account  the 
possibility  of  carrier  “overflow”  from  one  semiconductor 
part  to  the  other,  here  we  deal  with  the  “local”  (at  each 
point)  equilibrium  between  electrons  and  holes,  i.e. 

Sf4(x)  =  -6n°n(x),  (5) 

We  must  emphasize  at  once  that  at  this  stage  there  is  no 
true  equilibrium  in  the  semiconductor.  Really,  chemical 
potential  of  electrons  has  become  a  coordinate  function, 
while  no  electrical  field  has  originated  in  the  bulk  of  the 
sample,  since  there  has  been  no  electron  and  hole  overflow 
inside  the  semiconductor  and  no  space  charge  has  origi¬ 
nated. 

At  the  same  time  the  densities  of  surface  charges  on  the 
planes  x  =  ±a  have  changed,  so  that  now  inside  the  semi¬ 
conductor  we  have: 

ip0(x)  =  ipo  4-  Sipo. 

Metal  potential  at  point  x  —  +a  has  also  changed: 
(pm{+a)  =  Sipm-  The  values  5<po  and  are  easily  found 
from  the  condition  of  electrochemical  potential  continuity 
at  points  x  =  ±a: 

8<Pm(±o)  =  6<ps(±a), 

where  <fm  =  <pm  -  <Ps  =  V  - 
As  a  result,  we  have: 

<Vo  =  U& (-a)  Sipm  =  \  [«/£(-(*)  -  6&(+a)] 

(6) 

Thus,  at  the  given  stage  the  first  property  of  temperature 
field,  namely  generation  of  the  “inhomogeneous”  material 
has  manifested  itself. 

At  the  third  stage  diffusion  flows  of  electrons  and  holes 
originate  (which  tend  to  establish  “equilibrium,”  i.e.  to 
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make  electrochemical  potential  constant  in  space).  In  so 
doing,  naturally,  a  built-in  thermoelectric  field  originates 
in  the  semiconductor.  This  situation  is  similar  to  the  es¬ 
tablishment  of  equilibrium  in  the  inhomogeneously  doped 
semiconductor.  The  only,  though  significant  difference  lies 
in  the  fact  that  in  the  inhomogeneously  doped  semicon¬ 
ductor  we  really  have  equilibrium,  while  in  our  case  there 
is  only  the  electrochemical  potential  equalization  resulting 
in  no  true  equilibrium  due  to  the  absence  of  temperature 
constancy. 

Thus,  diffusion  of  electrons  and  holes  changes  their  chem¬ 
ical  potentials  as  compared  to  Eq.  (4),  and 

Mnfc)  =  MnW  +  */£(*) 

f*l(x)  =  p°p(x)  +  8p}p(x) 

and  as  long  as  we  speak  about  the  establishment  of  “equi¬ 
librium,”  there  exists  the  relationship  defined  by  Eq.  (5). 

Then 

ni  ( x )  =  n0  (:r)  +  Sni  p\  (x)  =  p0  {x)  +  Spi 
<Pi(x)  =  <A)  +  5ip0  +  6<pi(x) 

Within  the  approximation  of  quasi-neutrality  (ra  -»  0), 
Sni  =  5pi(x)  =  0, 

as  long  as  all  concentration  changes  will  take  place  only  in 
the  space  charge  layers  (oc  r*),  i.e.  on  the  surface.  Then 

=  Sfip(x)  =  0. 

In  this  case  the  “equilibrium”  condition  (constancy  of  the 
electrochemical  potential  in  space)  is  reduced  to 

Sp°n  -eStpi(x)  =  Co 

from  where 

6<Pi{x)  =  -\[Co -*&{*)}  (8) 

As  long  as  chemical  potential  of  metal  is  practically  tem¬ 
perature  independent,  in  the  state  of  thermodynamic 
“equilibrium”  the  following  conditions  must  be  satisfied: 

8<Pm(~a)  =  0,  Sifilni+a)  =  —5ipm(+a) 

from  where,  using  boundary  conditions 

(pm{±a)  -  (fin(±a) 

we  find  that 

Co  = 

Thus,  the  “equilibrium”  concentration  of  electrons  n0  and 
holes  po  which  must  appear  in  the  expressions  for  space 
and  surface  recombination  is  determined  by  the  Eq.  (6). 

The  Basic  Equations  of  Thermo-EMF  Origination 
Theory  and  Their  Solutions. 


Now  let  us  consider  the  second  temperature  field  mani¬ 
festation,  namely,  the  force  resulting  in  the  quasi-particle 
movement.  The  usual  expressions  for  the  electron  and 
hole  currents  in  the  presence  of  temperature  gradient  are 
as  follows: 

jn  =  f— V  (<p  —  —  QnVr| 

V  (.  +  a) (9) 

The  existence  of  the  second  components  in  the  Eq.  (9) 
leads  to  a  new  redistribution  of  concentrations  attributable 
to  thermal  diffusion  of  carriers  from  the  hot  to  the  cold 
sample  end: 

n(x)  =  no(x)  +  Sn(x)  ^ 

p(x)  =  p0(x)  +  6p(x) 

In  this  connection,  there  is  also  a  change  in  space  distribu¬ 
tions  of  electron  chemical  potentials  pn  and  hole  chemical 
potentials  pp. 

pn(x)  =  p°n(x)  +  6pn(x)  ^ 

Pp(x)  -  fjPp(x)  +  5pp(x) 

It  is  important  to  note  that  as  long  as  both  electrons  and 
holes  move  from  the  hot  to  the  cold  sample  end,  their  con¬ 
centration  near  the  heater  will  decrease,  while  near  the 
refrigerator  it  will  increase.  It  means  that  in  a  new  sta¬ 
tionary  mode  pp  ^  —Eg  -  pn  ( Spp  ^  - Spn ),  i.e.  Fermi 
quasi-levels  of  the  non-equilibrium  (in  the  true  sense  of 
the  word)  electrons  and  holes  appear. 

According  to  the  definition  of  Fermi  levels,  Jn(x),  5p(x) 
are  obviously  related  to  Spn(x ),  6pp(x): 


8n(x)  =  n°^  -6pn(x) 


Sp(x)  =  ^p-Spp(x)  (12) 


Space  redistribution  of  electrons  and  holes  will  result  in 
the  change  of  coordinate  dependence  of  potential  (p{x): 

ip(x)  =  (po  +  +  Sipi(x)  +  8(p(x)  (13) 

and  in  the  emergence  of  thermo-emf  8.  It  is  obvious  that 
the  existence  of  non-equilibrium  carriers  will  cause  recom¬ 
bination  processes.  Then  the  expressions  for  the  determi¬ 
nation  of  <5n,  Sp ,  5pn  ,  Spp  and  8p  will  take  on  the  form: 

divjn  =  0,  div  jp  =  0,  (14) 

where  the  electron  and  hole  recombination  rates  are,  for 
simplisity,  equal  zero. 

In  the  quasi-neutrality  approximation  8n  —  5p ,  Spp  = 
po ^*  'dpn(x)i  and  Poisson  equation  becomes  unnecessary. 
The  Eq.  (14)  can  be  rewritten  as  follows: 

d25(p  1  d25pn  _  q 

dx2  e  dx2  /1C.\ 

d28ip  ln0(T*)d25pp  1  ' 

dx2  e  po(T*)  dx2 
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Note  that  thermoelectric  coefficients  an  and  ap  have  fallen 
out  of  the  Eq.  (15). 

The  solution  of  the  Eq.  (15)  is  trivial: 

“  C\X  4"  C 2 )  (16) 

6(p  =  C$x  +  C4, 


and  as  long  as  in  the  quasi-neutrality  approximation 

Hs=-0  =  <5Plx=-0  > 


we  get: 


Sn  =  Sp  =  S 


(22) 


To  determine  the  constants  Cj  that  are  part  of  Eq.  (16), 
one  must  lay  down  the  boundary  conditions  on  the  planes 
x  =  ±a,  that  take  into  account  the  surface  recombination 
and  the  opportunity  of  current  flow  through  the  corre¬ 
sponding  surfaces. 

Boundary  Conditions. 

Let  us  consider  the  boundary  of  two  conducting  media  in 
a  one-dimensional  model,  when  the  electric  current  flows 
along  the  axis  x.  Then  at  the  existence  of  electron  and 
hole  surface  recombination  we  can  write: 

jfn(+0)  —  Jn(“0)  =  eRsn 
jp(+0)  “  ip(~0)  =  —eRp 

where  Rsn  and  Rsp  are  the  electron  and  hole  surface  recom¬ 
bination  rates. 

As  long  as  div  jo  =  0, 

jn(4*0)  4*  jp(+0)  =  in("“0)  +  Jp(""0)  =  joy 

we  get  a  condition 

Rsn  =  Rsp  =  Rs  (18) 

In  a  quasi-neutrality  approximation  (r<f  -4  0)  recombina¬ 
tion  in  the  close  to  surface  layers  of  the  space  charge  of 
two  contacting  media  is  part  of  the  surface  recombination. 

On  the  other  hand,  from  Eq.  (9),  similar  to  Eq.  (2),  it  is 
easy  to  get: 

jn(±0)  =  asn  {v?n(-0)  -  <£n(+0)}  ±  eRsn± 

Jp(± 0)  =  oj  {^p(-0)  -  ^(+0)}  T  eRsp±  (19) 
RSP+  +  Rsp-  =  RSP  =  Rsn+  +  Rh-  =  K  =  RS 

Here  asn  and  ap  are  surface  conductivities  (conductivity  of 
space  charge  layers). 

Under  the  conditions  considered  one  of  the  contacting  me¬ 
dia  is  bipolar  semiconductor,  while  the  other  is  metal,  since 
in  metals  in  virtue  of  high  electron  concentration  Sn  can 
be  assumed  equal  to  zero,  5fj,m  =  0  and  no  non-equilibrium 
carriers  appear.  It  means  that  if  semiconductor  is  on  the 
left  and  metal  is  on  the  right,  then  (see  Eq.  (19)): 

R$n+  =  RSp+=  0 

and 

Rsn_  =Rsn  =  Rsp_  =  Rs  (20) 

In  the  simplest  model  of  surface  recombination 

Rs  =  K  =  Sn6n\x=_0  =  Rsp=  Sp5p\x__0 ,  (21) 


Here  5  is  the  surface  electron-hole  recombination  velocity. 

Further,  as  long  as  holes  do  not  pass  to  metal,  the  surface 
hole  conductivity  cr*  must  be  equal  to  zero  (see  the  second 
Eq.  (19)  allowing  for  jp(+0)  =  0  and  Rp+  =  0. 

jn{±a)  =  jo  T  eRf,  jP{±a)  =  ±eRf 
jo  =  ±  cr®*  [y>»(±a)  -  ¥>m(±a)]  (23) 

=F  —  [Mn(±a)  -  Mm]  ±  ^-Aec 
c  e 

Here  index  s  refers  to  semiconductor,  while  m  refers  to 
metal, 


Besides,  similar  to  the  above, 

^PtTL  (  ft)  —  0} 

(24) 

and 

II 

TT 

4^ 

g 

(25) 

in  so  doing 

O 

II 

(26) 

Then  thermal-emf  of  closed  circuit  £  is  equal  to 

£  =  joR, 

(27) 

where  R  is  full  resistance  of  closed  circuit. 

R  —  Rs  +  Rv  4*  RCy 

Rc  =  -|-j-  H — is  contact  resistance.  As  regards  the 

semiconductor  resistance  Rs,  its  value  will  be  discussed 
later. 

Further,  as  a  simplification,  it  is  assumed  that 
<?n+  =°n~  =crn>  S+  =  S~  =  S 

Note  that  in  the  boundary  conditions  defined  by  Eq.  (23) 
there  exist  thermoelectric  coefficients  an  and  ap  (in  the 
expressions  for  jp  and  ) . 

Conclusions. 

Substituting  the  Eq.  (16)  into  the  boundary  conditions 
defined  by  Eqs.  (23)- (27)  it  is  easy  to  find  the  constants 
Ci, 2,3, 4,  V,  j0  and  £. 

We  shall  not  bring  here  general  answers  in  virtue  of  their 
awkwardness,  but  confine  ourselves  to  the  consideration  of 
some  specific  and  limiting  cases. 
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If  the  resistance  of  connecting  wires  Rm  is  high  as  com¬ 
pared  to  Rs  and  Rc  (om  -»  0,  under  no-load  conditions), 
jo  =  0,V  =  £. 

If,  besides,  the  space  or  surface  recombination  is  intensive 
enough 


5  » 


A  2ra 


or 


T~l  > 


1 


A2ra2  ’ 


(28) 


then 


Sn  =  8p~  0,  8pn  =  Spp  =  0,  jn  =  ~jP  #  0, 


and 


£ 


anOn  +  aPCTP  2a\^T 

On  +  Op 


(29) 


But  if  a  hole  semiconductor  is  used,  then  with  a  strong 
recombination  we  have 

£  —  —ap2  aVT  (35) 

i.e.  thermo-emf  is  described  by  a  general  expression  and 
with  a  weak  recombination  the  Eq.  (34)  is  present. 

The  above  consideration  has  shown  that  the  general  ex¬ 
pressions  for  thermo-emf  and  thermal  flow  in  the  bipolar 
and  hole  semiconductors  are  valid  only  at  the  existence  of 
high  recombination  level.  Note  that  within  the  traditional 
theory  those  expressions  have  been  obtained  ignoring  re¬ 
combination.  With  a  weak  recombination  the  hole  current 
which  is  not  found  in  metals  does  not  exist  in  semiconduc¬ 
tors  either,  and  thermo-emf  is  constantly  formed  only  by 
electrons. 


i.e.  we  obtain  the  answer  which  coincides  with  the  results  The  present  work  has  been  carried  out  with  a  partial  sup- 
of  traditional  theory.  In  so  doing,  naturally,  Por^  °f  CONACyT-Mexico. 


i.e.  Fermi  quasi-levels  merge  into  a  uniform  Fermi  level. 
In  this  case  the  semiconductor  sample  resistance  Rs  is  de¬ 
termined  by  the  standard  expression  Rq  =  • 

But  if  the  circuit  is  open  and  recombination  is  inefficient 


then 


1 

A  2ra 


£  —  —2  aanVT 


(30) 

(31) 


i.e.  it  is  only  determined  by  electrons  (even  if  it  is  a  hole 
semiconductor).  Here,  naturally,  8n  =  8p  ^  0,  8(ip  ^  8pn 
and  jn  =  jp  =  0.  In  this  case  the  resistance  Rs  is  equal  to 

d  2  a 

s  ~  <rn  * 

If  a  short  circuit  is  present  ( am  oo,  V  =  0),  then  with 
a  strong  recombination  the  thermo-emf  is  still  determined 
by  the  Eq.  (29),  and  thermal  flow  is  equal  to 

.  O^n^Vi  ”h  OLpOp  f  1  1 

On  "b  Op  (7n  +  <Jp 

In  this  case  jn  ^  0,  jp  ^  0. 

But  if  no  recombination  is  present,  thermo-emf  coincides 
with  the  Eq.  (31)  and  thermal  flow  is  equal  to 


-l 


VT 


(32) 


an  VT 


(33) 


in  so  doing,  jp  =  0,  jn  =  jo?  he.  all  the  dynamic  processes 
are  determined  only  by  the  electron  gas. 

In  the  monopolar  case  of  n-type  semiconductor  irrespec¬ 
tive  of  the  recombination  level  the  regular  expression  is 
present  for  thermo-emf: 


£  =  -an2aVT  (34) 
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Abstract 

The  initial  members  of  the  (GeTe)n(Bi2Te3)m 
homologous  series  (Ge3Bi2Te6,  GeBi2Te4  and  GeBi4Te7 
compounds)  have  been  investigated  by  X-ray  diffraction 
study.  High  degree  of  lattice  disorder  is  found  in  the 
melt-grown  compounds.  The  dependences  of  the  a  and 
c/N  parameters  of  the  hexagonal  lattices  (N  -  number  of 
layers  per  unit  cell)  on  the  cation-to-anion  ratio  have 
been  analyzed  for  nGeTe  mBi2Te3  compounds.  These 
dependences  were  considered  to  be  very  close  to  linear. 
Based  on  these  results,  the  lattice  parameters  were 
evaluated  for  another  members  of  the  homologous 
series  for  which  experimental  data  are  absent.  A  strong 
dependence  of  thermoelectric  properties  at  300  K  on 
deviation  from  stoichiometry  has  been  found  for  three 
above-mentioned  compounds.  All  three  compounds  are 
characterized  by  extremely  low  lattice  thermal 
conductivity  what  is  probably  related  to  high  degree  of 
disorder  in  cation  sublattice  as  well  as  in  anion  one. 

Introduction 

An  important  class  of  the  ternary  layered  compounds: 
nAlvBvl  mA2vB3vl  (AIV  -  Ge,  Sn,  Pb,  Av  -  Bi,  Sb,  BVI  - 
Se,Te)  is  known  as  tetradymite  (Bi2Te2S)-like 
compounds  with  mixed  layered  structures.  These 
compounds  are  formed  in  the  A  B  -  A2  B3  quasi- 
binary  systems  and  are  interesting  for  thermoelectric 
applications. 

The  nGeTemBi2Te3  compounds  are  the  objects  of  the 
present  work.  Using  electron  diffraction  and  high- 
resolution  electron  microscopy,  a  homologous  series  of 
mixed-layer  (GeTe)n(Bi2Te3)  (n=1  to  9  and,  may  be  to 
18)  [1]  and  (Bi2Te3)m(GeTe)  (m=1  to,  at  least,  4)  [2] 
compounds  have  recently  been  found  in  the  GeTe- 
Bi2Te3  quasi-binary  system. 

A  phase  diagram  of  the  GeTe-Bi2Te3  quasi-binary 
system  has  been  constructed  in  [3],  According  to  [3],  the 
Ge3Bi2Te6  (A  phase),  GeBi2Te4  (B)  and  GeBi4Te7  (C) 
compounds  are  formed  in  the  system  by  peritectic 
reactions. 

The  ternary  compounds  crystal  structure  has  been 
investigated  by  electron  diffraction  of  thin  films  [4-6], 
The  structures  are  represented  by  stacking  of  close- 
packed  Te  layers.  The  Ge  and  Bi  atoms  are  distributed 
in  octahedral  interstices  filling  only  a  fraction  of  the 
cation  positions.  The  atomic  layers  are  arranged 
according  ccp  law.  The  number  of  the  atomic  layers  per 


hexagonal  unit  cell  is  presented  by  the  following 
equation:  N  =  Z(2n  +  5m),  where  Z  is  the  number  of 
molecules  in  the  unit  cell.  The  Ge3Bi2Te6  unit  cell 
contains  three  eleven-layer  packets  [4],  The  GeBi2Te4 
unit  cell  contains  three  seven-layer  packets  [5],  The 
GeBi4Te7  unit  cell  consists  of  twelve  atomic  layers  [6], 
The  bonding  between  multi-layer  packets  is  realized  by 
weak  van  der  Waals  forces. 

Experimental  results  and  discussion 

An  isothermal  section  of  the  Ge-Bi-Te  ternary  system  at 
770  K  has  been  constructed  by  metallography  and  X-ray 
diffraction  study  [7],  In  addition  to  the  known  A,  B,  C 
homogeneity  ranges,  two  new  D  and  F  phases  have 
been  found  at  this  temperature.  X-ray  diffraction  data 
for  the  ternary  compounds  are  presented  in  Table  1. 
The  F-phase  has  39-layer  structure.  Its  homogeneity 
range  is  probably  displaced  with  respect  to  the 
Ge4Bi2Te7  stoichiometric  composition  towards  greater 
Bi/Ge  ratio.  This  phase  corresponds  to  the  homologous 
series  member  with  n=4,  m=1. 

Table  1 

X-ray  diffraction  data  for  the  ternary  compounds  in  the 


GeTe-Bi2Te3  quasi- 

binary  system 

Composition 

Space 

group 

N 

a,  nm 

c,  nm 

GeTe 

RZm 

6 

0.4163 

1.0657 

Ge3  7Bi2  3Te7  (F) 

!  39 

0.4265 

7.328 

Ge3Bi2Te6  (A) 

RZm 

33 

0.4268 

6.264 

Ge-i  5Bi2  5Te5  (D) 

PZml 

9 

0.4305 

1 .7372 

GeBi2Te4  (B) 

RZm 

21 

0.4322 

4.127 

GeBi4Te7  (C) 

P3m1 

12 

0.4348 

2.392 

Bi2Te3 

RZm 

15 

0.43835 

3.0487 

The  intensity  measurements  for  the  GeBi2Te4  single 
crystal  were  completed  by  an  automatic  diffractometer 
“Syntex  PI”.  The  reliability  index  R=3.3%  was  reached 
for  sixty  reflections.  The  crystallographic  data  for  B 
phase  are  presented  in  Table  2. 

The  interatomic  distances  are  following:  Me2-Te3  = 
0.300,  Me2-Te4  =  0.326,  Me1-Te4  =  0.306,  Te3-Te3  = 
0.365  nm.  The  occupation  factor  is  presented  in  atomic 
parts  of  the  elements.  It  follows  from  occupation  factors 
that  the  Ge  and  Bi  atoms  are  statistically  distributed  in 
the  octahedral  interstices  to  form  mixed-cation  layers.  In 
addition  to  disorder  in  the  cation  sublattice,  the  anti¬ 
structure  defects  were  also  discovered.  The  occupation 
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factor  data  are  very  important  as  they  give  the  direct 
information  of  the  point  defects  which  are  responsible 
for  conductivity  type  and  carrier  concentration. 

Table  2 

The  atomic  coordinates,  occupation  factors  (p),  the 
equivalent  positions  (q)  and  isotropic  temperature 
factors  (B)  for  the  GeBi2Te4  structure.  _ _ 


At. 

x  y  z 

F 

q 

B  ! 

Mel 

0  0  0 

0.51Ge+0.49Bi 

3a) 

1.9 

Me2 

0  0  0.4273 

0.65Bi+0.25Ge+ 
0.1  OTe 

6c) 

1.5 

Te3 

0  0  0.1344 

0.97Te+0.03Bi 

6c) 

1.3 

Te4 

0  0  0.2903 

0.93Te+0.07Bi 

6c) 

1.1 

The  nine-layer  lattice  Ge2Bi2Te5  (D)  compound  was  not 
found  earlier  in  [3]  although  there  is  information  about 
the  existence  of  the  analogous  compound  in  the  GeTe- 
Sb2Te3  quasi-binary  system  [8],  In  our  work,  a  phase 
with  the  Ge2Sb2Te5-type  disorded  structure  was 
obtained  for  the  Ge15Bi2.5Te5  composition.  The 
Ge15Bi25Te5  single  crystal  structure  was  determined 
with  the  value  R=4.8%  for  the  103  reflections.  The 
crystallographic  data  for  D  phase  are  presented  in 
Table  3.  The  interatomic  distances  are  following:  Mel- 
Te3  =  0.297,  Me1-Te4  =  0.330,  Me2-Te4  =  0.302,  Me2- 
Te5  =  0.308,  Te3-Te3  =  0.368  nm.  It  follows  from  the 
occupation  factor  data  that  mixed  atomic  layers  exist  in 
the  Gei  5Bi2  5Te5  structure  as  well  as  in  GeBi2Te4  one. 

Table  3 

The  atomic  coordinates,  occupation  factors  (p),  the 
equivalent  positions  (q)  and  isotropic  temperature 
factors  (B)  for  D  phase  structure. _ i _ | _ 


At. 

x  y 

z 

_ 

q 

B 

Mel 

0  0 

0.6716 

0.63Bi+0.17Ge+ 

0.20Te 

2c) 

3.7 

Me2 

2/3  1/3 

0.8958 

0.54Ge+0.46Bi 

2d) 

3.9 

Te3 

2/3  1/3 

0.5779 

0.96Te+0.04Ge 

_2d)_ 

3.5 

Te4 

2/3  1/3 

0.2035 

0.94Te+0.06Bi 

_?d]_ 

2.5 

Te5 

0  0 

0 

0.79Te+0.21Bi 

la) 

3.1 

An  analysis  of  the  (GeTe)n(Bi2Te3)m  homologous  series 
structure  demonstrates  that  the  cation-to-anion  ratio 
plays  a  fundamental  role  in  the  formation  of  the  layered 
structures.  The  a-GeTe  structure  is  formed  when  the 
cation-to-anion  ratio  (x)  is  equal  to  1.  The  Bi2Te3 
structure  is  formed  when  x  is  equal  to  2/3.  The  layered 
ternary  compounds  have  intermediate  values  of  the 
cation-to-anion  ratio.  The  lattice  parameter 
dependences  on  the  cation-to-anion  ratio  in  the  GeTe- 
Bi2Te3  system  are  presented  in  Fig.  1. 

The  c/N  value  is  average  distance  between  the  two 
adjacent  atomic  layers.  The  use  of  c/N  values  lets  to 
compare  the  c  parameters  of  the  compounds  with  the 
different  number  of  layers  per  unit  cell.  The  phase 
designations  are  accepted  in  the  Fig.1  in  accordance 


with  [7],  The  a(x)  and  c/N(x)  dependences  are  very 
close  to  linear.  These  dependences  may  be  represented 
by  the  following  equations: 

c(x)  =  (0.01 51 4x2  -  0.10214X  +  0.26461)  N, 
a(x)  =  0.1 79x2  -  0.96x  +  0.4942. 


BI2Te3RNc  B  DA  FGHJKM  GeTe 


Fig.1  Dependences  of  the  a  parameter  and  the  c/N 
average  distance  between  the  two  adjacent  atomic 
layers  on  the  cation-to-anion  ratio.  Open  circles  are  the 
experimental  data,  solid  circles  represent  calculated 
values. 

The  existence  of  the  almost  linear  a(x)  and  c(x) 
dependences  for  the  complete  range  of  x  values  (2/3  to 
1.0)  confirms  the  idea  that  all  the  ternary  compounds 
structures  are  closely  related.  All  the  compounds  are 
united  by  the  same  structural  principle.  The  compounds 
are  formed  by  the  same  structural  units:  the  a-GeTe 
double-layer  packet  and  the  Bi2Te3  five-layer  packet 
alternating  orderly  along  the  c  direction.  Based  on  the 
c/N(x)  and  a(x)  dependences,  the  a  and  c  values  have 
been  calculated  [9]  for  high  members  of  the 

(GeTe)n(Bi2Te3)m  homologous  series  for  which 

experimental  data  were  not  reported. 

Seebeck  coefficient  (a),  electrical  (a)  and  thermal  (k  ) 
conductivity  and  Hall  effect  at  300  K  have  been 
measured  for  the  initial  members  of  the 
(GeTe)n(Bi2Te3)m  homologous  series:  Ge3Bi2Te6, 

GeBi2Te4  and  GeBi4Te7  compounds.  The 

polycrystalline  samples  with  different  deviation  from 
stoichiometry  have  been  measured.  The  Ge3Bi2Te6 
compound  has  always  p-type  of  conductivity. 
Thermoelectric  properties  of  the  Ge3Bi2Te6  compound 
with  different  deviation  from  stoichiometry  at  300  K  are 
presented  in  Table  4.  All  the  samples  have  rather  low 
carrier  mobility  as  well  as  the  lattice  thermal 
conductivity. 

The  density-of-states  effective  mass  is  calculated  on  the 
assumption  that  one  type  of  carriers  exists,  the  valence 
band  is  parabolic,  and  the  basic  mechanism  of  carrier 
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scattering  is  acoustic  phonon  scattering.  The  effective 
mass  of  holes  in  the  Ge3Bi2Te6  compound  is  about 
m*/m0  ~  1.2  and  does  not  practically  depend  on 
deviation  from  stoichiometry. 


Table  4.  Thermoelectric  properties  (300  K)  of  the 
Ge3Bi2Te6  compound  with  different  deviation  from 
stoichiometry.*  _ _ i _ _ _ 


Composition 

P-io;5®. 

cm 

a, 

pV/K 

cr, 

S/cm 

P 

Kph 

Ge2  94Bi2Te6 

3.3 

48 

1120 

21 

8.0 

Ge3Bi2Te6 

1.9 

62 

600 

20 

8.0 

Ge3o6Bi2Te6 

1.9 

60 

400 

13 

9.0 

Ge3Bi2o4Te6 

1.6 

65 

510 

20 

7.0 

Ge3Bi2Te6oi5 

2.2 

60 

840 

24 

9.0 

Ge3Bi2Te6o5 

3.5 

45 

1170l 

21 

7.0 

*  In  Table  4-6,  p  (cm2/V-s)  is  Hall  carrier  mobility  and 
Kph  (mW/cm-K)  is  lattice  thermal  conductivity. 


Thermoelectric  properties  at  300  K  of  the  GeBi2Te4 
compound  with  different  deviation  from  stoichiometry 
are  presented  in  Table  5.  The  samples  with  Bi  or  Ge 
excess  have  n-type  of  conductivity  and  high  electron 
concentration.  The  samples  with  Te  excess  or  Ge 
deficiency  have  p-type  of  conductivity.  The  effective 
mass  of  holes  and  electrons  is  equal  to  0.6mo  end  0.8/r?o 
in  the  GeBi2Te4  compound  of  p-  and  n-type  of 
conductivity,  correspondingly. 

Based  on  above-mentioned  X-ray  diffraction  data,  any 
conclusions  concerning  to  the  nature  of  the  predominant 
point  defects  in  the  GeBi2Te4  lattice  have  been  made. 
The  Bice',  GeBi  substitution  defects  and  the  TeB*,  BiTe 
anti-structure  defects  are  probably  the  predominant 
point  defects  in  the  lattice.  The  electroneutrality 
condition  may  be  represented  by  the  following  equation: 
n  +  [Bije]  +  [GeBj  ]  ep  +  [Bice*]  +  P"eBi*]. 

The  GeBi2Te4  conductivity  type  is  determined  by  the 
balance  of  the  contribution  of  these  point  defects.  The 
GeBi2Te4  lattice  thermal  conductivity  is  extremely  low 
as  well  as  the  Ge3Bi2Te6  one. 

Table  5. 

Thermoelectric  properties  (300  K)  of  GeBi2Te4 
compound  with  different  deviation  from  stoichiometry 


Composition 

P(n)-10'iy 

cm 

a, 

pV/K 

cr, 

s/cm 

Kph 

Geo  96Bi2Te4 

3.1 

114 

210 

42 

7.6 

Geo  9sBi2Te4 

9.0 

76 

320 

22 

8.0 

Gei  o2Bi2Te4 

15.7 

-51 

378 

15 

8.0 

GeBi2o4Te4 

15.6 

-75 

250 

10 

9.0 

GeBi2Te4  05 

6.0 

91 

250 

26 

8.5 

Seebeck  coefficient  decreases  and  electron 
concentration  increases  markedly  in  the  GeBi4Te7 
compound  at  Ge  concentration  growth  (Table  6). 


The  effective  mass  of  electrons  in  the  GeBi4Te7 
compound  is  about  m*lmo  ~  0.9  and  weakly  depends 
on  deviation  from  stoichiometry. 

The  sharp  increasing  of  electron  concentration  at  Ge 
excess  may  be  related  to  the  incorporation  into  van  der 
Waals  gaps  of  excess  Ge  atoms  acting  as  donors. 
The  probability  of  the  Ge  excess  atoms  incorporation 
into  van  der  Waals  gaps  is  suggested  to  increase  in  the 
nGeTe  mBi2Te3  compounds  at  the  Bi2Te3  content 
growth  as  the  percent  of  “empty”  octahedrons  in  the 
lattices  increases  at  the  m/n  ratio  increasing. 


Table  6 

Thermoelectric  properties  (300  K)  of  GeBi4Te7 
compound  with  different  deviation  from  stoichiometry 


Composition 

cm'3 

a, 

pV/K 

S/cm 

P 

Kph 

Geo  96Bi4Te7 

2.4 

-169 

220 

57 

7.3 

GeBi4Te7 

4.0 

-130 

340 

53 

11.0 

Gei  03Bi4Te7 

9.5 

-80 

540 

37 

11.0 

Gei  06Bi4Te7 

20.0 

-58 

682 

22 

11.6 

GeBi4ioTe7 

35.0 

-45 

1100 

20 

16.0 

GeBi4Te7  05 

2.0 

-180 

130 

41 

9.4 

Based  on  the  carrier  concentration  change,  it  may  be 
concluded  that  this  particular  mechanism  of  Ge 
incorporation  into  the  lattice  is  not  significant  in  the 
Ge3Bi2Te6  compound  but  it  is  very  probable  in  the 
GeBi2Te4  and  GeBi4Te7  compound  at  Ge  excess.  It  is 
worth  to  emphasize  that  the  insertion  of  Ge  excess 
atoms  into  van  der  Waals  gaps  between  tetradymite-like 
five-layer  packets  in  the  Bi2Te3  compound  was  found 
earlier  in  [10]  by  X-ray  diffraction  study. 

Conclusions 

The  cation-to-anion  ratio  (x)  plays  a  fundamental  role  in 
the  formation  of  the  nGeTe  mBi2Te3  layered  structures. 
The  a  (x)  and  c/N(x)  dependences  are  very  close  to 
linear  what  reflects  the  similarity  of  crystallographic 
constitution  of  the  compounds.  The  substitution  and 
anti-structure  defects  are  probably  the  predominant 
point  defects  in  the  compounds  lattices.  The  Ge3Bi2Te6, 
GeBi2Te4  and  GeBi4Te7  compounds  have  extremely 
low  lattice  thermal  conductivity.  The  carrier  mobility 
and  p/Kph  ratio  are  not  high,  however,  there  is  the 
possibility  for  optimization  of  the  properties  by  the 
change  of  the  composition  and  temperature. 

Acknowledgements 

This  material  is  based  upon  work  supported  by  the  U.S. 
Civilian  Research  and  Development  Foundation  under 
Award  No  RE1-262. 


483 


16th  International  Conference  on  Thermoelectrics  (1997) 


References 


[1]  S.Kuypers,  G.van  Tendeloo,  J.van  Landuyt 
and  S.Amelinckx,  “  Electron  Microscopic  Study 
of  the  Homologous  Series  of  Mixed  Layer 
Compounds  R2Te3(GeTe)n  (R  =  Sb,Bi)”,  J.  Solid 
State  Chem.,  76  (1988)  102. 

[2]  N.Frangis,  S.Kuypers,  C.Manolikas,  J.  van 
Landuyt  and  S.Amelinckx,  “Continuous  Series  of 
One-dimensional  Structures  in  the  Compouds 
Bi2+xSe3,  Bi2+XT e3.  Sb2+xTe3,  (Bi2Te3)nGeTe  and 
(Sb2Te3)nGeTe”,  Solid  State  Commun.  69  (1989) 
817. 

[3]  N.Kh.  Abrikosov  and  G.T.Danilova-Dobryakova, 
“Study  of  the  Bi2Te3-GeTe  Phase  Diagram”,  Izv. 
AN  SSSR,  Neorg.  Mater.,  1  (1965)  57. 

[4]  l.l. Petrov  and  R.M. Imamov,  “Crystal  Structure  of 
the  Ge3Bi2Te6  compound”,  Kristallographiya,  15 
(1970)  168. 

[5]  Study  of  the  GeBi2Te4  compound”, 
Kristallographiya,  10  (1965)  109. 

[6]  K. A. Agaev,  A.G.Talybov  and  SASemiletov, 
“Electron  Diffraction  Study  of  the  GeBi4Te7 
compound”,  Kristallographiya,  13  (1968)  59. 

[7]  L.E.Shelimova,  O.G. Karpinsky,  M.A.Kretova 

and  E.S.Avilov,  “Phase  Equilibria  in  the  Ge-Bi-Te 
Ternary  System  at  570-770  K  Temperature  Range” 
J.  Alloys  and  Compounds,  243  (1996)  194. 

[8]  N.Kh.  Abrikosov  and  G.T.Danilova-Dobryakova, 
“Study  of  the  Sb2Te3-GeTe  Phase  Diagram”,  Izv. 
AN  SSSR,  Neorg.  Mater.  1  (1965)  204. 

[9]  O.G. Karpinsky,  L.E.Shelimova,  M.A.Kretova 

and  J.-P.FIeurial,  “X-ray  Study  of  the  nGeTe 
mBi2Te3  Mixed  Layered  Tetradymite-like 
Compounds”,  J.  Alloys  and  Compounds,  in  press. 

[10]  M.  Predota,  L.Benes  and  J.Horak,  “On  the 
Incorporation  of  Germanium  Atoms  into  the  Bi2Te3 
Crystal  Lattice”,  Phys.  Status  Solidi  (a)  100  (1987) 
401. 


484 


16th  International  Conference  on  Thermoelectrics  (1997) 


Transport  Properties  of  ZrNiSn-Based  Intermetallics 

Ctirad  Uher,  Siqing  Hu,  Jihui  Yang 

Department  of  Physics,  University  of  Michigan,  Ann  Arbor,  MI  48109,  USA 
Gregory  P.  Meisner  and  Donald  T.  Morelli 

Physics  and  Physical  Chemistry  Department,  GM  Research  and  Development  Center,  Warren,  MI  48090,  USA 


Abstract 

Intermetallic  compounds  of  the  form  MNiSn,  where  M 
is  titanium,  zirconium,  or  hafnium,  are  semiconductors  with 
band  gaps  on  the  order  of  0.2  electron  volts.  Due  to  their 
large  conduction  band  masses,  they  show  promise  as 
thermoelectric  materials  with  high  figure  of  merit  In  order  to 
assess  this  potential,  we  have  studied  the  thermoelectric 
properties  of  pure  and  doped  ZrNiSn  and  Zr0.sHf0.5NiSn 
mixed  crystals.  Upon  doping  with  Sb  the  resistivity  can  be 
reduced  by  a  factor  of  20-40  with  a  reduction  in  the  Seebeck 
coefficient  of  only  a  factor  of  two.  The  resulting  power 
factors  of  doped  samples  at  room  temperature  are  comparable 
to  those  of  state  of  the  art  thermoelectric  materials.  The 
thermal  conductivity  of  Zr0SHf05NiSn  is  reduced  strongly 
relative  to  ZrNiSn  but  must  be  reduced  further  to  obtain  a 
large  figure  of  merit.  The  transport  properties  of  these 
materials  are  very  sensitive  to  annealing  conditions. 

Introduction 

Over  the  past  couple  of  years,  several  semiconducting 
systems  with  unique  structural  properties  have  attracted 
considerable  attention  and  have  become  the  focus  of  an 
intensive  search  for  novel  thermoelectric  materials.  This 
category  of  solids  encompasses  2-dimensional  quantum  well 
structures  for  which  record-high  figures  of  merit  are  predicted 
[1]  and  bulk  materials  such  as  skutterudites  [2].  The  latter  are 
characterized  by  the  open  “cage”  structure  which  can  be  filled 
with  appropriate  foreign  species  that  dramatically  alter  the 
phonon  and  carrier  dynamics  and  such  filled  skutterudites 
then  approach  the  desirable  “phonon  glass,  electron  crystal” 
characteristics  [3]. 

Unique  structural  features  are  also  manifested  by  a  class 
of  semiconducting  intermetallics  of  composition  MNiSn  (M 
=  Ti,  Zr,  Hf)  that  crystallize  with  the  fee  MgAgAs  structure 
and  are  often  referred  to  as  the  half-Heusler  intermetallics. 
This  interesting  structure  consists  of  four  interpenetrating  fee 
sublattices,  one  of  which  contains  empty  lattice  sites.  Such  a 
vacancy  sublattice  reflects  the  missing  atoms  of  Ni  of  the 
directly  related  Heusler  intermetallics  of  the  composition 
MNi2Sn  that  are  good  metals  and  thus  of  no  interest  to 
thermoelectricity. 

Earlier  studies  by  Aliev  et  al.  [4]  established  the 
semiconducting  nature  of  transport  with  the  experimental 
band  gap  of  0. 1-0.2  eV,  surprisingly  large  thermopower,  low 
electrical  resistivity  but  a  modestly  large  thermal 
conductivity.  Subsequent  ab  initio  pseudopotential  total- 
energy  and  band-structure  calculations  by  Ogiit  and  Rabe  [5] 
have  shed  light  on  the  origin  of  the  semiconducting  gap  and 
on  the  stability  of  the  structure.  With  this  as  a  background, 
the  potential  of  RNiSn  compounds  as  novel  thermoelectric 
materials  has  been  noted  and  some  early  data  were  reported  by 
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Cook  et  al.  [6]  and  Hohl  et  al.  [7]  at  recent  conferences  on 
thermoelectricity. 

In  our  work  we  concentrate  on  the  study  of  ZrNiSn  and 
we  explore  the  effect  of  substitutional  disorder  at  various 
sublattices  on  the  three  important  transport  parameters  that 
determine  the  thermoelectric  figure  of  merit:  electrical 
resistivity,  thermal  conductivity  and  thermopower.  In 
addition,  where  relevant,  we  note  the  carrier  density  and 
mobility  obtained  from  Hall  measurements.  We  demonstrate 
that,  by  appropriate  alloying,  the  thermal  conductivity  can  be 
drastically  depressed  while  by  suitable  doping  one  can  control 
the  electrical  resistivity  over  at  least  two  orders  of  its 
magnitude.  Although  our  measurements  are  limited  to 
temperatures  not  exceeding  the  ambient,  it  is  clear  that  the 
half-Heusler  intermetallics  hold  promise  as  thermoelectric 
materials  for  operation  at  the  intermediate  temperatures  in  the 
range  200-400C. 

Materials  and  Experimental  Technique 

Samples  for  this  investigation  were  prepared  from  high 
purity  elements  using  arc-melting  under  an  argon 
atmosphere.  X-ray  analysis  of  small  sections  of  the  as- 
prepared  material  revealed  an  essentially  single  phase 
structure  with  only  a  minute  trace  of  a  second  phase.  Upon 
annealing  at  800  C,  the  second  phase  disappears  completely. 
Samples  with  typical  dimensions  2x3x8  mm3  were  subjected 
to  annealing  treatment  for  either  2  days  or  3  weeks. 
Measurements  were  made  over  the  temperature  range  of  2- 
300K  in  a  cryostat  equipped  with  a  radiation  shield. 
Longitudinal  steady-state  technique  was  used  to  determine  the 
thermal  transport  parameters.  Hall  effect  data  were  generated 
over  the  same  temperature  range  using  a  four-probe  ac 
technique  in  a  superconducting  magnet  cryostat  capable  of 
fields  up  to  5  Tesla. 

Results  and  Discussion 

Table  1  summarizes  the  relevant  room-temperature 
transport  parameters  of  the  samples  studied.  It  is  immediately 
apparent  that  annealing  has  a  strong  influence  on  all 
transport  properties.  Structural  improvement  upon  annealing 
of  ZrNiSn  is  gleaned  from  the  overall  higher  values  of  the 
thermal  conductivity  and  especially  from  its  magnitude  at  the 
dielectric  peak,  see  Fig.l.  We  note  that  throughout  the 
temperature  range  studied,  the  thermal  conductivity  of 
ZrNiSn  and  its  alloys  is  essentially  all  due  to  lattice 
vibrations,  the  electronic  term  accounting  for  no  more  than 
1-2%  of  the  total  heat  flow.  The  time  honored  method  of 
reducing  the  thermal  conductivity  by  forming  isostructural 
alloys  is  quite  effective  here  too  as  demonstrated  by  a  strong 
suppression  of  heat  conduction  in  ZrosHfo.jNiSn  samples, 
note  the  different  scales  in  Fig.2  in  comparison  to  Fig.l. 
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Sample 

p(mQ-cm) 

k  (mW/cm-K) 

S  (pV/K) 

n  (lO^cm3) 

//n(cm2/V-s) 

ZrNiSn 

5.1 

59.2 

-167 

1.84 

6.7 

ZrNiSn(*) 

11.3 

85.5 

-171 

0.90 

6.1 

ZrNiSn(**) 

29.3 

159.7 

-226 

0.80 

2.7 

Zr0  sHf0  sNiSn 

10.5 

46.1 

-136 

1.00 

ZrosHfosNiSn(*) 

16.1 

42.7 

-142 

0.39 

Zr05Hf0.5NiSn(**) 

31.0 

55.3 

-223 

0.30 

6.8 

Zro.5Hfo.5NiSb0.oo5Sn0995(++) 

1.64 

59.1 

-194 

1.32 

28.8 

Zr0.5Hf0.5NiSbo.oiSn0.99(+*) 

0.78 

65.8 

-147 

2.12 

37.9 

Table  1:  Room  temperature  values  of  the  transport  parameters.  Samples  without  an  asterisk  were  subjected  to  no  annealing 
treatment  Samples  marked  with  a  single  asterisk  were  annealed  for  2  days,  those  with  two  asterisks  were  annealed  for  a  3-week 
period 


Figure  1:  Thermal  conductivity  of  ZrNiSn 
O  as-prepared  no  annealing 
□  2  days  at  800°C 
0  3  weeks  at  800°C 


Furthermore,  annealing  appears  to  have  an  opposite  effect 
on  the  alloys  than  on  the  pure  compounds:  with  a 
prolonged  annealing  the  thermal  conductivity  of  the 
alloys  decreases  and,  after  three  weeks  at  800°C,  the  peak  in 
the  thermal  conductivity  is  barely  resolved.  Movement  of 
the  Zr  and  Hf  atoms  during  the  heat  treatment  leads  to  a 
matrix  that  scatters  phonons  more  effectively  than  that  in 
the  alloy  subjected  to  no  heat  treatment.  Further  reduction 
of  the  thermal  conductivity  is  desirable  and  it  might 
possibly  come  from  employing  alloy  scattering  on  the 
other  two  occupied  sublattices. 

Large  thermopower  of  the  half-Heusler  intermetallics 
near  and  above  the  ambient  temperature  is  perhaps  the  main 
reason  why  these  compounds  attracted  attention  as 
potentially  useful  thermoelectrics.  With  the  room 


Figure  2:  Thermal  conductivity  of  Zr0  sHf0  jNiSn 

•  as-prepared,  no  annealing 

■  2  days  at  800°C 

♦  3  weeks  at  800°C 

A  Zr0  sHf0  5NiSbo.005Sno.995 

V  Zro5Hfo5NiSbo.01Sno.99 

temperature  values  approaching  -250  pV/K  for  well 
annealed  specimens  and  even  larger  thermopower  projected 
above  300K,  see  Figs.  3  and  4,  one  of  the  essential 
requirements  for  a  good  thermoelectric  -  large  thermopower- 
is  in  these  compounds  readily  satisfied.  While  the 
thermopower  is  sensitive  to  the  annealing  treatment,  its 
magnitude  is  not  compromised  by  forming  isoelectronic 
alloys  on  the  Zr  sublattice.  Perhaps  the  most  intriguing 
feature  of  the  thermopower  is  its  temperature  dependence.  It 
is  remarkable  that  the  thermopower  displays  a  typically 
metal-like  behavior  with  a  very  weak  temperature 
dependence  and  the  magnitude  on  the  order  of  or  less  than  1 
pV/K  up  to  at  least  120K  and  then,  above  150K,  a  sudden 
and  rapid  increase  sets  in  and  the  thermopower  quickly 
attains  semiconductor-like  values.  The  data  on  ZrNiSn  and 
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Figure  3:  Thermopower  of  ZrNiSn 

on  ZrosHfosNiSn  clearly  hint  at  some  kind  of  metal 
(semimetal)  -  semiconductor  transition  in  the  vicinity  of 
150K.  Upon  doping  with  a  rather  minute  amount  of 
antimony  on  the  tin  sublattice,  the  thermopower  acquires  a 
substantially  linear  dependence,  large  magnitudes  over  the 
entire  temperature  range,  and  qualitatively  different 
character. 

The  behavior  of  the  electrical  resistivity  epitomizes  the 
nature  of  the  transport  discussed  above.  Temperature 
dependence  of  the  resistivity  of  ZrNiSn  and  its  alloys  attests 
to  fundamentally  different  mechanisms  of  transport 
governing  the  low  and  high  temperature  domains  and  the 


Figure  4:  Thermopower  of  Zro  sHfo  sNiSn  alloys 

changeover  from  the  metal-like  conduction  to  the  region 
with  a  negative  temperature  coefficient  of  resistivity 
correlates  well  with  the  features  noted  in  the  behavior  of  the 
thermopower.  Furthermore,  while  the  resistivity  of  the  as- 
prepared  and  two-days  annealed  samples  of  ZrNiSn  and 
Zr0  5Hfo.sNiSn  are  all  comparable,  the  behavior  of  the  well 
annealed  ZrNiSn  is  very  different  from  that  of  the  well 
annealed  Zr0.sHf0.sNiSn.  The  latter  never  attains  a  metal-like 
character  at  low  temperatures  and  its  high  resistivity  reflects 
a  strongly  dissipative  structural  matrix  noted  in  the  context 
of  a  surprisingly  low  thermal  conductivity  measured  on  this 
sample  in  Fig.2. 
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The  most  exciting  feature  from  the  perspective  of 
thermoelectricity  is  a  low  resistivity  displayed  in  Fig.4  for 
the  weakly  Sb-doped  alloys.  Being  able  to  alter  the 
resistivity  over  nearly  two  decades  of  its  magnitude  and,  at 
the  same  time,  preserving  respectable  values  of  the 
thermopower,  is  a  very  encouraging  finding  of  this  study. 
We  note  that  the  power  factor ,  P  -  SVp,  where  p  is  the 
electrical  resistivity  and  S  the  thermopower,  at  300K 
reaches  values  of  23  and  28  /iW/cm-K2  for  the  x  =  0.005 
and  0.01  antimony  doping  concentrations,  respectively. 
Such  values  are  comparable  to  the  best  values  obtained  on 
the  state-of  -the-art  thermoelectric  materials. 

From  the  thermopower  and  carrier  density  we  estimate 
the  corresponding  effective  masses  for  the  two  Sb-doped 
samples  as  m*=5.4  (x=0.005)  and  m*=5.0  (x=0.01).  From 
the  data  in  Table  1  it  follows  that  the  carrier  density 
decreases  upon  annealing.  For  a  well  annealed  sample  of 
ZrNiSn  in  the  temperature  range  down  to  160K,  the  field 
dependence  of  the  Hall  resistivity  is  a  linear  function  of  the 
magnetic  field  with  a  rapidly  diminishing  slope,  see  Fig.  7. 
This  implies  that  the  Hall  coefficient  is  field  independent,  a 
single  carrier  (electron)  model  appropriately  describes  the 
charge  transport,  and  the  carrier  density  rapidly  rises  as  the 
temperature  decreases.  Below  150K,  the  Hall  signal 
becomes  very  difficult  to  detect 

The  nature  of  this  metallic  state,  its  dependence  on 
annealing,  and  ultimately  its  influence  on  the  nature  of 
transport  in  this  system  deserves  further  detailed 
experimental  and  theoretical  scrutiny. 

The  authors  wish  to  acknowledge  Charles  Murphy  for 
experimental  assistance.  The  work  was  supported  by  the 
ONR  Grant  N00014-96-1-0181. 
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Figure  7:  Field  dependence  of  the  Hall  resistivity  for  a  well 
annealed  ZrNiSn. 
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Abstract 

During  the  last  few  years  a  growing  interest  in  new  material 
classes  for  thermoelectric  applications,  such  as  intermetallic 
compounds,  could  be  observed.  Among  others,  the  compounds 
MNiSn  (where  M=Ti,  Zr,  Hf)  represent  one  of  those  systems 
and  prompted  us  to  study  their  properties  thoroughly. 

In  contrast  to  the  commonly  used  arc  melting  followed  by  long 
time  heat  treatment,  we  prepared  our  samples  by  melting  the 
elements  using  a  Sn  flux  technique  [1]. 

The  composition  and  structural  quality  was  checked  by 
different  techniques,  including  x-ray  diffraction  and  energy 
dispersive  x-ray  analysis  EDX. 

We  determined  the  thermoelectric  properties  over  a  wide 
temperature  range  and  were  able  to  evaluate  the  figure  of  merit 
in  the  range  between  90  and  360  K. 

To  reduce  the  thermal  conductivity  the  possibility  of  alloying 
these  ternaries  was  explored. 

Introduction 

MNiSn  compounds  crystallize  in  the  MgAgAs  structure  and 
are  characterized  by  the  existence  of  a  gap  or  pseudo-gap  in 
the  density  of  states  at  the  Fermi  level  [2-4].  The  magnitudes 
of  the  energy  gaps  [2]  at  RT  are  in  sufficient  agreement  with 
the  value  10  kBT  demanded  for  a  high  „figure  of  merit“  [5-7]. 
Additionally  the  bonding  in  MNiSn  seems  to  be  covalent  [8] 
and  therefore  the  MNiSn  compounds  meet  one  of  the  criteria 
for  the  development  of  new  thermoelectric  materials  recently 
discussed  [7]. 

Experimental  Procedure 

Phase  diagrams,  melting  points  and  the  stoichiometric  or 
nonstoichiometric  character  of  the  MNiSn  compounds  are  still 
unknown.  To  obtain  single  crystals  of  these  materials  we  used 
a  Sn  flux  technique  with  stoichiometric  amounts  of  Ti  (Zr,  Hf) 
and  Ni  and  a  five-  to  tenfold  Sn  surplus.  Crystals  were  grown 
by  flux  technique  in  a  two  zone  furnace  or  by  Bridgman  and 
Czochralski  method. 


For  all  methods  we  used  a  maximum  temperature  of  1400  °C 
and  varied  cool  down  rates  and  growth  velocity.  Excess  Sn 
could  be  removed  by  etching  in  HC1. 

We  obtained  single  crystals  of  TiNiSn  and  ZrNiSn  up  to 
dimensions  between  8  and  10  mm,  for  HfNiSn  in  the  range  of 
2  mm,  respectively  (Fig.  1).  The  composition  and  structural 
quality  was  checked  by  x-ray  diffraction  and  EDX,  where  no 
secondary  phases  or  indication  of  nonstoichiometrie  were 
found.  Moreover  optical  and  EDX  measurements  carried  out 
on  polished  samples  did  not  show  any  inclusions  of  Sn. 

The  resistivity  p  and  the  Hall-coefficient  were  determined  in 
the  temperature  range  from  30  K  to  400  K  in  a  dc  magnetic 
field  of  0.6  T  using  a  standard  five-point  technique. 
Thermopower  S  and  thermal  conductivity  X  were  measured  in 
the  ranges  from  90  to  400  K  and  80  to  360  K,  respectively.  To 
obtain  data  for  X  a  steady  state  axial  heat  flow  method  was 
used. 

To  reduce  the  thermal  conductivity  of  the  pure  ternaries,  we 
made  efforts  to  grow  Ti0  5Zro  5NiSn  and  Zr0.5Hf0.5NiSn. 

Results  and  Discussion 

The  temperature  dependence  of  the  resistivity  for  TiNiSn 
clearly  shows  two  different  behaviors  depending  on  the 
sample.  TiNiSn  #2  and  #4,  which  were  grown  in  a  two  zone 
furnace  with  different  cool  down  rates,  exhibit  a  nearly 
temperature  independent  metallic  slope.  In  contrast  to  this 
TiNiSn  #5  ,  which  was  obtained  by  Bridgman  method,  shows 
an  activated  semiconductor  like  behavior  (Fig.  2). 


temperature  [K] 

Fig.  2:  Resistivity  of  TiNiSn  as  function  of  temperature  . 

The  Hall-mobilities  of  all  three  samples  reach  a  maximum  of 
about  60  cm2/(Vs)  between  100  and  200  K  and  decrease  as  T"r 
(where  r  =  0.7)  for  higher  temperatures. 

TiNiSn  shows  n-type  conductivity.  The  carrier  concentrations 
for  both  #2  and  #4  are  temperature  independent  and  in  the 


Fig.  1:  ZrNiSn  single  crystal. 
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order  of  3*1019cm'3  to  4*1019cm"3.  For  TiNiSn  #5  activation 
energies  of  8  and  175  meV  for  low  and  high  temperatures 
could  be  determined,  according  to  n  ~  T3/2exp[-Ea/(kBT)].  The 
carrier  concentration  at  room  temperature  is  MO19  cm'3. 

For  ZrNiSn  a  similar  situation  was  found.  The  Bridgman 
sample  ZrNiSn  #2  shows  a  semiconductor  like  temperature 
dependence,  while  for  #1  and  #13,  which  were  obtained  using 
the  two  zone  furnace,  the  resistivity  slightly  increases  with 
increasing  temperature  (Fig.  3). 


Fig.  3:  Resistivity  of  ZrNiSn  as  function  of  temperature. 

The  maximum  values  of  the  Hall-mobility  are  between  125 
and  300  cm2/(Vs)  for  #1  and  #2  respectively.  In  the  high 
temperature  range  the  Hall-mobility  decreases  with  increasing 
temperature  as  Tr  (where  r  =  1.4). 

The  concentration  of  the  charge  carriers  for  ZrNiSn  #2  shows 
two  activated  regions  with  energies  of  1 1  and  285  meV .  The 
room  temperature  values  for  the  carrier  concentrations  are 
6-1019cm'3  for  #1,  7-1017  cm'3  for  #2  and  81018  cm'3  for  #13. 
Therefore  with  carrier  concentrations  comparable  to  those  in 
TiNiSn  the  higher  mobilities  in  ZrNiSn  lead  to  significant 
lower  resistivities. 

The  two  activation  energies  of  175  and  285  meV  differ  from 
previous  reported  values  of  120  and  186  meV  for  TiNiSn  and 
ZrNiSn  found  from  analysis  of  temperature  dependent 
conductivity  measurements  [2].  However  these  values  are  in 
reasonable  agreement  with  the  results  found  from  optical 
measurements  [2]. 


50  100  150  200  250  300  350  400 

temperature  [K] 

Fig.  4:  Thermopower  of  TiNiSn. 


The  thermopowers  of  TiNiSn  and  ZrNiSn  are  represented  in 
Fig.  4  and  Fig.  5. 
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Fig.  5:  Thermopower  of  ZrNiSn. 


The  Seebeck-coefficient  is  negative,  confirming  the  carrier 
type  found  from  Hall-data.  The  examined  curves  can  be 
explained  using  either  the  model  of  a  completely  (TiNiSn  #5, 
ZrNiSn  #2)  or  weakly  degenerate  semiconductor.  Comparing 
the  observed  thermopowers  with  calculations,  using  the 
scattering  parameters  found  through  Hall-measurements,  the 
values  of  the  effective  masses  can  be  estimated.  This  leads  to 
the  very  high  values  of  m*  =  1 .4  mo  and  m*  =  1.5  mo  for 
TiNiSn  and  ZrNiSn,  respectively. 

To  summarize  these  results  the  power  factors  S2g  of  TiNiSn 
and  ZrNiSn  are  given  in  Fig.  6. 


Fig.  6:  Power  factors  of  TiNiSn  and  ZrNiSn.  The  symbols 
used  to  mark  different  samples  correspond  with  the 
previous  notation. 

A  maximum  power  factor  of  3.5T0 3  W/(K2m)  is  reached  for 
ZrNiSn. 

HfNiSn  crystals  were  obtained  using  the  flux  technique  in  a 
two  zone  furnace.  In  this  case  the  resistivity  of  HfNiSn  shows 
a  metallic  temperature  behavior. 

The  Hall-mobility  reaches  a  maximum  of  about  80  cm /(Vs) 
and  decreases  as  TT  (where  r  =  0.7)  for  higher  temperatures. 
The  charge  carrier  concentration  is  nearly  temperature 
independent  with  a  room  temperature  value  of  5.9*  1019  cm'3. 
The  thermopower  shows  the  behavior  of  a  weakly  degenerate 
semiconductor.  Taking  into  account  a  scattering  factor  of 
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r  =  -1/2  according  to  Hall-data,  an  effective  carrier  mass  of 
m*  =  0.9  mo  can  be  estimated. 

The  results  for  HfNiSn  are  collected  in  Fig.  7. 
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Fig.7:  Resistivity,  thermopower  and  power  factor  of  HfNiSn. 


For  this  particular  sample  of  HfNiSn  the  maximum  power 
factor  reached  is  1.8-10'3  W/(K2m). 

To  complete  the  thermoelectric  analysis  of  MNiSn  the  thermal 
conductivities  of  TiNiSn  and  ZrNiSn  are  depicted  in  Fig.  8. 
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8:  Thermal  conductivities  of  TiNiSn  and  ZrNiSn. 


TiNiSn  #2,  ZrNiSn  #2  and  HfNiSn  #1  were  omitted,  because 
the  crystals  did  not  reach  the  minimum  dimensions  of  5  mm 
requested  for  thermal  conductivity  measurements. 

The  temperature  dependencies  of  X  as  well  as  the  comparison 
with  the  electrical  conductivities  show  that  the  thermal 
conductivity  in  both  TiNiSn  and  ZrNiSn  is  dominated  by 
lattice  contributions.  ZrNiSn  clearly  exhibits  higher  values 
than  TiNiSn,  balancing  the  advantage  gained  in  electrical 
conductivity  and  thermopower. 

To  conclude  the  „figure  of  merit"  Z  =  S2c/X  for  both 
compounds  is  given  in  Fig.  9. 

For  all  samples  under  investigation  the  „figure  of  merit" 
increases  with  increasing  temperature  and  seems  to  saturate 
around  400  K.  The  highest  Z  is  reached  by  TiNiSn  #2  with 
Z  =  3.3-10'4  1/K. 


Fig.  9:  „Figure  of  merit"  of  TiNiSn  and  ZrNiSn. 


Keeping  in  mind  the  power  factors  obtained  for  the  samples 
missing  in  this  diagram,  it  is  not  likely  to  obtain  higher  values 
for  one  of  them. 

To  reduce  the  thermal  conductivity  and  thereby  taking 
advantage  of  the  high  power  factors,  especially  of  ZrNiSn  we 
made  efforts  to  grow  Tio.sZro.sNiSn  and  Zr0.5Hf0.5NiSn.  In  the 
first  case  we  gained  crystals  with  dimensions  up  to  6  mm, 
however  the  replacement  of  Zr  by  Hf  was  not  successful.  In 
both  cases  we  used  the  flux  technique  in  a  two  zone  furnace  to 
grow  the  alloys. 

X-ray  diffraction  measurements  carried  out  on  Tio.sZro.sNiSn 
crystals  which  were  ground  before,  indicated  two  different 
cubic  phases  with  lattice  parameters  a  =  5.954  A  and  6.022  A. 
For  TiNiSn  and  ZrNiSn  we  obtained  values  of  5.924  A  and 
6.105  A,  respectively.  Taking  into  account  only  the  lattice 
parameters,  this  is  a  first  hint  that  one  phase  lies  close  to 
TiNiSn,  the  other  corresponds  to  Tio.sZro.sNiSn.  This 
suggestion  could  be  verified  using  EDX  measurements. 
Powder  and  single  crystal  x-ray  diffraction  carried  out  on 
particular  crystals,  showed  that  each  specimen  belonged  either 
to  one  or  the  other  phase.  For  the  „TiNiSn“  samples  EDX 
yields  approximately  Tio.gZro^NiSn. 

Temperature  dependent  resistivity  measurements  are  shown  in 
Fig.  10  together  with  TiNiSn  #5. 


Fig.  10:  Resistivity  of  Tii_xZrxNiSn  as  function  of  temperature. 
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Both  mixed  samples  show  an  activated  behavior.  From 
analysis  of  Hall-data  the  activation  energies  can  be  stated  as 
5  and  170  meV  and  11  and  205  meV  for  Tio.8Zro.2NiSn  #1  and 
Tio.5Zro.5NiSn  #1,  respectively. 

Thermopower  and  power  factor  for  this  system  are  given  in 
Fig.  11. 


100  150  200  250  300  350  400 


temperature  [K] 

Fig.  1 1 :  Thermopower  and  power  factor  of  Tii_xZrxNiSn  and 
TiNiSn#5.  The  symbols  used  to  mark  different 
samples  correspond  with  the  previous  notation. 

Nondegenerate  and  weakly  degenerate  behavior  can  be 
observed.  The  nearly  perfect  agreement  of  Tio.gZro^NiSn  #1 
with  TiNiSn  #5  is  remarkable  and  confirms  the  close  relation 
of  these  samples. 

The  maximum  power  factor  gained  for  the  alloys  is  about  three 
times  smaller  in  comparison  to  the  pure  compounds. 

To  complete  the  picture  the  thermal  conductivity  and  „figure 
of  merit“  are  summarized  in  Fig.  12. 


temperature  [K] 

Fig.  12:  Thermal  conductivity  and  Z  of  Tii_xZrxNiSn. 

It  is  evident,  that  the  thermal  conductivity  is  considerably 
reduced  by  alloying.  The  „figure  of  merit4*  increases  with 
increasing  temperature  not  reaching  a  maximum  in  the 
observed  temperature  range.  The  maximum  value  for  Z  is 
2.5T0'4  1/K  and  not  exceeding  the  values  obtained  for  the 
pure  compounds. 


A  new  Sn-flux  technique  yielded  single  crystals  of  ail  three 
compounds  belonging  to  this  group. 

With  respect  to  the  electronic  parameters,  ZrNiSn  seems  to  be 
the  most  promising  material.  A  maximum  power  factor  of 
3.5*  10‘3  1/K  was  obtained  for  this  particular  compound. 
However,  the  high  thermal  conductivity  of  ZrNiSn  leads  to  a 
compensation  of  this  advantage,  so  that  the  highest  „figure  of 
merit**  Z  =  3.3  10  4  1/K  was  observed  for  TiNiSn. 

A  remarkable  reduction  of  the  thermal  conductivity  was 
obtained  by  alloying  these  compounds.  Because  only 
nondegenerate  samples  were  found  in  the  alloys,  the  maximum 
Z  did  not  exceed  2.5- 10"4  1/K.  Improvement  of  the  electrical 
parameters  and  better  control  of  crystal  growth  remain  as 
future  tasks. 

Just  for  further  motivation  and  to  show  the  direction  of  coming 
investigations,  the  high  power  factor  of  ZrNiSn  can  be 
mathematically  combined  with  the  reduced  thermal 
conductivity  of  Tii_xZrxNiSn  resulting  in  Z  =  1.1  TO'3  1/K! 
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Conclusion 

The  thermoelectric  properties  of  the  system  MNiSn  (where 
M=Ti,  Zr,  Hf)  were  studied  over  a  large  temperature  range. 
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Abstract 

The  thermopower  and  resistance  of  single  crystal 
pentatellurides  in  the  series  Hf1.xZrxTe5  (x  =  0,  .25,  .50,  and 
1.0)  have  been  measured  as  a  function  of  temperature  from  10 
K  to  300  K.  The  results  show  that  HfTe5  and  ZrTe5  contain 
broad  resistance  peaks  at  a  temperature,  TP,  of  76  K  and  147  K 
respectively,  which  are  in  agreement  with  previous 
measurements.  Both  compounds  possess  relatively  large  p- 
type  thermopower  (~  +100  jiV/K)  which  decreases  rapidly 
through  zero  at  a  temperature  T0  before  changing  to  an  equally 
large  n-type  thermopower  (~  -100  |+V/K)  at  a  temperature  T  < 
T0.  Through  isoelectronic  substitution  of  Zr  for  Hf 
(Hfj.xZrxTes),  systematic  shifts  are  observed  in  both  TP  and  T0 
as  the  Zr  concentration  increases.  These  ternary  compounds 
retain  the  large  p-  and  n-type  thermopowers. 

Introduction 

Prior  research  efforts  on  thermoelectric  (TE)  materials 
have  focused  on  the  Bi2Te3  and  Si^Gex  systems.1'3  These 
materials  have  been  investigated  in  great  detail  to  enhance  their 
properties  in  thermoelectric  refrigeration  and  power  generation 
application.  These  optimized  systems  prevail  as  the  current 
state-of-the-art  materials  for  applications  at  and  above  room 
temperature.  There  remains  a  necessity  for  progress  on  more 
efficient  thermoelectric  materials  especially  at  temperatures  T 
<  300K.  This  need  for  higher  performance  materials  and 
extended  temperature  regimes  for  applicable  thermoelectric 
devices  has  renewed  interest  in  the  field.4  The  need  for  lower 
temperature  (100  -  200  K)  thermoelectric  materials  is  very 
important  in  fields  such  as  cryoelectronics5  and  IR  detection6. 
To  develop  devices  for  these  applications,  both  p-type  and  n- 
type  materials  must  be  sought  and  optimized  for  this  specific 
temperature  range.  The  present  study  identifies  the 
pentatelluride  system  as  a  potential  class  of  materials  for  lower 
temperature  thermoelectric  applications.  Not  only  do  these 
binary  and  ternary  systems  contain  both  large  p-type  and  n- 
type  thermopowers,  but  they  can  easily  be  tuned  over  specific 
temperature  regimes. 


Experimental  Technique 

The  preparation  of  pentatelluride  single  crystals  is 
based  on  modifications  of  previously  reported  methods. 
Crystals  were  obtained  by  heating  stoichiometric  amounts  of 
powered  reagents  in  10mm  ID  fused  silica  tubing. 
Approximately  5  mg/mL  tube  volume  of  iodine  crystals  were 
added  as  a  transport  agent.  The  sealed  reaction  vessels  were 
placed  in  a  single  zone  tube  furnace  with  the  charge  located  in 
the  central,  hot  zone.  The  furnace  was  heated  to  773  K  and  the 
temperature  was  held  for  1-2  weeks.  Powder  x-ray  diffraction 
of  selected  crushed  crystals  verified  the  formation  of  the 
pentatelluride  structures.  The  quoted  Zr  fractions  (x  =  .25  and  x 
=  .50)  are  only  the  nominal  concentrations. 

The  thermopower  and  electrical  resistance  of  the 
pentatelluride  samples  were  measured  using  a  four-point  probe 
technique.  A  constant  AT  was  established  across  the  sample 
as  the  temperature  was  swept.  Details  of  this  experiment  are 
discussed  elsewhere.8  Evaporated  gold  contact  pads  on  the 
samples  were  necessary  due  to  excess  iodine  from  the  growth 
procedure.  Copper  and  gold  probe  leads  were  silver  painted  to 
the  contact  pads. 

Results  and  Discussion 

Resistance  and  thermopower  measurements  performed 
on  single  crystals  of  HflxZrxTe5  where  x  =  0,  .25,  .50,  and 
1.0,  are  shown  in  Figures  1  and  2.  The  HfTe5  and  ZrTe5 
results  were  consistent  with  previous  studies.9'11  As  Hf  is 
replaced  by  Zr  a  steady  temperature  shift  is  observed  in  the 
measured  resistivity.  In  each  of  the  samples  the  resistivity 
decreases  from  high  temperature  before  passing  through  a 
shallow  minimum.  As  the  temperature  decreases,  the 
resistance  rises  rapidly,  passing  through  a  maximum  at  Tp.  At 
lower  temperatures,  T  <  TP,  the  resistivity  falls  steadily,  as 
shown  in  Figure  1. 

In  a  similar  manner,  the  thermopower  of  each  sample 
reveals  a  systematic  shift  in  temperature  as  the  Zr 
concentration  was  increased,  as  shown  in  Figure  2.  Each 
concentration  exhibits  the  relatively  large  p-type 
thermopowers  at  room  temperature.  As  the  temperature 
decreases  the  thermopower  for  each  sample  increases  until  it 
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reaches  a  maximum.  At  lower  temperatures  the  thermopower 
drops  sharply,  passes  through  zero  (at  T0),  and  continues  to 
decrease  until  reaching  a  maximum  n-type  thermopower.  At 
even  lower  temperatures  the  thermopower  begins  to  rise  again 
going  toward  zero  thermopower  at  T  =  0  in  a  relatively  linear 
fashion,  characteristic  of  diffusion  type  thermopower.  There 
was  no  evidence  of  any  phonon  drag  effects  at  the  much  lower 
temperatures. 


Hf,.xZlxTeS 


Figure  1.  Normalized  resistance  of  Hfi.xZrxTes  as  a  function 
of  temperature  for  x  =  0,  .25,  .50,  1.0. 


Hf,.XZlXTe5 


The  electrical  transport  properties  of  HfTe5  and  ZrTe5 
were  examined  previously.10’17  The  resistance  transition  or 
peak  (Tp)  was  first  thought  to  be  evidence  of  charge  density 
wave  (CDW)  phenomenon,  but  no  supporting  evidence  was 
found.  The  origin  of  the  transition  in  these  pentatellurides,  as 
discussed  by  Disalvo  et.  al.,  appears  to  be  an  electronic  phase 
transition  opposed  to  a  structural  phase  transition.  Therefore, 
the  electronic  properties  of  this  system  should  be  susceptible 
to  doping  which  is  evident  with  these  results. 

The  agreement  of  the  relative  resistance  peaks  and 
zero  thermopower  of  the  substituted  Hfi.x&xTe5  series  as  a 
function  of  x  is  illustrated  in  Figure  3.  The  uncertainty  in  the 
concentrations  of  Hf  or  Zr  does  not  allow  for  the  prediction  of 
an  obvious  dependency  with  regards  to  the  zero  thermopowers 
or  resistance  peaks.  However,  the  correlation  between  the  zero 
thermopower  and  the  resistance  peak  at  each  concentration  is 
quite  impressive. 


ZrxTe5 


Figure  2.  Thermopower  of  Hfi_xZrxTe5  as  a  function  of 
temperature  for  x  =  0,  .25,  .50,  and  1 .0. 


Zr  Concentration  (x) 

Figure  3.  Temperatures  of  zero  thermopower,  T0,  and 
relative  resistance  peaks,  TP,  for  Hfi.xZrxTe5  where  x  =  0,  .25, 
.50,  and  1.0. 

Summary 

Resistance  and  thermopower  of  Hf,.xZrxTe5  have  been 
measured  as  a  function  of  temperature  and  Zr  concentration. 
The  temperature  of  the  resistivity  transition  of  these 
compounds  can  be  systematically  tuned,  depending  on  the  Zr 
concentration.  Likewise,  the  temperature  at  which  these 
systems  exist  with  p-  or  n-type  thermopower  can  also  be 
manipulated  by  the  Zr  concentration  over  a  large  temperature 
regime.  The  existence  of  large  p-type  and  n-type  behavior 
over  a  relatively  broad  temperature  range  is  necessary  for  any 
potential  thermoelectric  device  application.  More  work  is 
necessary  to  optimize  the  electronic  properties  of  these 
pentatelluride  materials.  Work  relating  to  the  determination  of 
the  thermal  conductivity  of  these  materials  is  in  progress. 
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Abstract. 

IR-reflection  spectra  of  sintered  SiC/AI  thermoelectric  semi¬ 
conductor  samples  are  studied  in  its  reststrahlen  region  and 
analysed  using  a  4-component  effective  medium  model.  The 
effects  of  A!  impurities  1)  reducing  the  pores  2)  increase 
elctrical  conductivity  3)  acting  as  metallic  inclusions,  can  be 
observed  by  the  change  of  reflectance  in  and  outside  of  the 
resonance,  and  that  these  effects  can  be  separated  by  the 
proposed  effective  medium  model.  These  results  combined 
with  the  possibility  of  local  probing  offers  a  versatile  means 
to  characterize  the  quality  of  sintered  samples  especially  of 
thermoelectric  semiconductors. 

1.  Introduction. 

Silicon  carbide  is  a  wide-band  gap  semiconductor  stable 
even  at  high  temperatures. Recently,  active  research  effort 
is  directed  on  the  development  of  blue-emitting  diodes 
as  well  as  devices  to  be  used  at  high  temperature  or  under 
strong  irradiation0.  It  is  also  known  as  a  promissing 
material  for  thermoelcctricsal  high  temperatures. 

We  have  reported  on  the  thermo-electric  characteristics  of 
sintered  SiC  samples  which  are  expected  to  show  the  figure 
of  merit  Z  approaching  1AT  at  700°C2).  The  crucial  point  to 
achieve  a  high  figure  of  merit  Z  is  to  reduce  the  high  thermal 
conductivity  of  SiC  by  sintering  while  keeping  the  electrical 
conductivity  as  high  as  possible.  To  achieve  this  goal  we 
have  tried  various  dopants  which  have  the  temperature  of 
vaporization  higher  than  the  sintering  temperature. 

SiC/AI  is  such  a  system  in  which  A1  impurities  are’ 
expected  to  play  three  roles  described  in  the  following; 

1)  they  are  known  to  act  as  sintering  additives  which 
combine  crystalline  grains  together, 

2)  increase  the  conductivity  of  the  crystalline  grains 
acting  as  the  acceptors, 

3)  lower  the  resistivity  of  intergranular  region. 


Although  the  relative  importance  of  these  three  effects  also 
depends  on  the  condition  of  sintering,  especially  sintering 
temperature,  it  is  very  interesting  and  important  to  have 
means  to  separate  these  effects. 

In  this  paper  we  would  like  to  show  that  the  three  effects 
of  dopant  can  actually  be  observed  in  the  IR-refleclionV4'5)  of 
sintered  SiC  and  that  the  4-componenl  effective  medium 
model  can  analyse  the  change  in  the  spectral  features  almost 
quantitatively  into  these  three  effects. 

The  results  can  serve  to  characterize  the  quality  of 
sintered  samples  and  to  improve  the  figure  of  merit  of 
sintered  thermoelectric  semiconductors. 

2.  Samples  and  Measurements. 

2. 1 .  Samples. 

Preparation  of  samples  has  already  been  described  in  our 

•  2) 
previous  reports. 

2.2.  Surface  Treatment. 

Mechanical  grinding  and  polishing  by  diamond  powder 
with  water  and  by  diamond  paste  were  used  basically  for 
sample  preparation  for  IR-measurements.  After  each  stage  of 
grinding  on  a  glass  polisher  or  on  a  soft  plastic  polisher  a 
layer  with  thickness  10  or  1  times  the  size  of  the  grain, 
respectively,  of  the  powder  or  paste  used  were  removed  to 
avoid  the  effect  of  possible  damage  to  the  surface.  At  the 
final  stage  the  diamond  powder  with  grain  size  7,  5,  3,  2,  1 
and  0.5pm.  were  used 

2.3.  IR-measurements. 

In  Fig.  I .  we  compare  the  I R- reflectance  spectra  of  sintered 
SiC  samples  with  that  of  powdered  poly-crystal(6H) 
sample. From  IR  data  alone  it  is  difficult  to  discriminate  3C 
phase  from  6H  one. 
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100 


Wave  number,  1/cm 

Fig.l.  IR-refleclance  spectra  of  SiC  samples, 
a)  6H  poly-crystal  powders,  b)  0.5%  Al, 
c)  2%  Al,  d)  15%  Al  sintered  at  I950°C, 
e)  15%  Al.  T,=2 1 00°C  for  cases  b),e),e). 

We  sec  that  the  reflectance  decreases  drastically  al  first  but 
recovers  as  the  Al  concentration  increases.  The  fact  that  no 
shift  in  phonon  resosnance  frequency  is  observed  seems  to 
imply  that  dominant  part  of  crystal  grains  in  our  sintered 
samples  remain  3C-type,  and  no  appreciable  change  in  the 
crystal  structure  is  taking  place.  This  is  in  agreement  with 
our  results  of  XRD  observation  on  the  samples  which  show 
only  dominant  3C  peaks. 

Fig.2.a-c  show  results  of  IR-measuremcnts  for  samples 
with  A I  impurities  sintered  at  three  different  temperarures. 
Starting  concentration  of  Al  are  indicated  in  the  figures. 

We  note  that  while  the  magnitude  of  peak  reflection  varies 
widely,  the  shift  in  the  resonance  frequency  is  almost 
negligible.  The  peak  reflectance  is  seen  to  increase  as  a 
function  of  Al  concentration  up  to  5%.  As  (his  trend  is  in 
parallel  with  the  change  in  sample  density,  we  infer  that 
sintered  SiC  have  rather  large  number  of  pores  which  reduce 
the  density  of  the  sample,  and  part  of  added  Al  act  as  the 
sintering  agent  which  reduce  the  pores  and  thus  increase  the 
density.  This  is  also  reflected  in  the  increase  of  reflectance  as 
a  function  of  Al  concentration. 

The  low  value  of  reflectance  outside  the  region  of  resonance 
seems  to  support  the  above  inference.  From  this  stand  point 
the  quality  of  sintered  sample  is  best  for  the  samples 
sinteredat  2I00°C. 


600  800  1000  1200 
Wave  number,  1/cm 

Fig. 2.  IR-reflectance  spectra  of  SiC  samples 
sintered  at  different  temperatures  T,. 
a)  1 950"C,  b)  2 1 00°C,  c)2250°C. 

Al  concentrations  y  in  the  starting 
metrial  are  labeled  in  the  figures. 

The  stability  of  restslrahlen  maximum  and  sharp  change  of 
reflectance  in  the  high-frequency  region  indicate  the  essential 
contribution  of  intergrain  Al  on  the  optical  constants  of 
samples  containing  more  than  8%  Al. 

In  the  case  of  samples  with  20%  Al  especially  that 
sinteredat  I950"C  we  see  a  strong  increase  in  reflectance  al 
lower  wave  number  region.  This  effect  reminds  one  of  the 
similar  effect  found  in  Ni-MgO  films*’  close  to  the 
percolation  threshold. 
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3.  EMA  analysis. 

3.1.  4-Componcnl  Effective  Medium  Model 

To  analyse  these  results  we  employed  the  following 
model. 

We  have  pores  with  porosity  f,  besides  the  crystalline 
grains  with  a  volume  fraction  f,  and  intergranular  region 
with  a  volume  fraction  f2,  with  f4  denoting  the  fraction  of 
metallic  inclusions  dispersed  in  the  inter-granular  region. 


metallic  inclusions 
f4 


Fig. 3.  Effective  medium  model  used  in  this  analysis. 

Pores  with  a  fraction  f„  intergranular  region 
with  f2,  crystalline  grains  with  f,t  and 
metallic  part  with  f4. 

3.2.  Analysis  in  4-component  EM  model 

In  this  model  the  effective  dielectric  constant  of  the  sintered 
samples  can  be  found  by  solving  the  equation; 

I4i„fi(erey(ei+2e)=0  (I) 

For  pores  we  assume  c,  =  I.  For  crystalline  grains  we 
use  the  two  oscillator  model  of  Spitzcr  cial.*1, 4)  neglecting  the 
small  contribution  of  the  second  oscillator; 

e3(x)  =  6.7  +  4n  x0.263/(l-x2-igx)  (2) 

where,  x=GJ/ffi„,  with  03,,=  2.356x1 0nHz  being  the 
resonance  frequency  of  the  oscillator,  g  =  g/G30,  denotes  the 
normalized  damping  factors  of  the  oscillator. 

As  for  the  dielectric  constant  of  the  inter-granular  material 
e2  we  set  e2  =  2.  For  a  high  Al  concentration  we  assume 
that  the  metallic  inclusion  occupies  a  volume  fraction  f4 
with  its  e4  approximated  by  the  Drude  model. 

E2  (x) =  I  -  r22/(x2+ig2x)  (3) 


We  used  a  value  r2=IOO  and  g,  =  lOg. 

We  show  in  Fig.4.  results  of  our  4-compnent  effective 
medium  analysis.  Here,  we  simulate  the  effect  of  Al  using 
three  parameters  described  in  the  introduction.  Namely,  as 
the  Al  concentration  y  increases  the  volume  fraction  of  pores 
f,  decreases,  fraction  f,  of  crystalline  grains  will  increase 
replacing  intergranular  part  with  fraction  f2,  the  damping 
coefficient  g  increases  at  the  same  time  and  finally,  a 
component  with  metallic  characteristics  grows  in  the 
intergranular  region. 

Although  we  have  arbitrarily  selected  parameters  simulating 
these  effects,  one  can  see  that  the  model  reproduces  almost 
quantitatively  the  main  features  of  the  observed 
IR-reflectance  spectra. 


R 


Fig.4.  Effect  of  Al  doping  on  the  IR-reflectance 

spectrum  analysed  by  the  4-componcnt  EMA 
model. 

Values  of  f„f2,f,,fj»  e2  and  g  are  as  follows; 

a)  f,=0,  f2=0,  f,=  l,  l4=0,  g=0.0I  (single  crystal), 

b)  f,=0.2,  f2=0.5,  f,=:0.3,  r4=0,  e^2,  g=0.0I, 

c)  f,=0. 1 ,  f2=0.5,  I  , =0.4,  f4=0,  Cj=2,  g=0.02, 

d)  f,=0.05,  f2=0.4,  f,=0.4,  I>0.I5,  (^=2,  g=0.02, 

e)  f,=0.03,  f2=0.3,  l>0.4,  f4=0.27,  Cj=2,  g=0.03. 


4.  Discussion. 

As  the  sintered  samples  have  intrinsic  inhomogencity  the 
reflection  spectrum  measured  on  the  external  surface  of  it  can 
differ  strongly  from  that  measured  on  an  internal  surface. 
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Also  local  resistance  of  the  sample  can  differ  when  measured 
on  the  external  surface  from  that  measured  on  an  internal 
surface.  So  we  do  not  at  this  point  try  to  fit  the  data  with  the 
available  parameters  but  would  like  to  point  out  the 
following;  IR-reflectance  in  the  region  of  reststrahleri 
provides  a  versatile  means  for  analysing  the  effects  ol 
dopants  and  sintering  quality  in  a  sintered  material,  the  fact 
that  it  can  probe  a  region  comparable  to  the  focused  area  of 
the  beam  and  that  it  is  sensitive  to  local(not  neccessarily 
microscopic)  characteristics  of  the  sample  seems  to  show  the 
promissing  aspects  of  this  method  of  analysis. 

We  are  woking  with  samples  with  four  kinds  of  impurities; 
Al,  Cu,  Ag  and  Si.  Among  these  impurities  A1  is  known  to 
play  the  role  of  sintering  additive,  while  Si  is  expected  not 
to  form  inter-granular  layers  with  "metallic”  conductivity. 
So  the  comparison  of  IR-data  on  these  samples  will  not  only 
reveal  the  roles  of  these  impurities  on  overall  characteristics 
of  the  samples  but  also  give  information  regarding  their 
effects  on  the  sintering  quality. 
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Abstract 

An  attempt  was  made  to  synthesize  (J-Zn4Sb3  semiconducting 
compound  by  PIES  (Pulverized  and  Intermixed  Elements 
Sintering)  /  hot-press  method.  We  found  that  it  is  possible  to 
synthesize  (3-Zn4Sb3  as  a  major  phase  without  increased 
temperature  when  we  start  the  ball  milling  process  with  Zn-rich 
composition.  The  power  factor  cf/p  at  room  temperature  was 
6.3  X  104  W/mK2  and  these  initial  data  clarified  that  relatively 
high  performance  can  be  achieved  with  PIES/hot-press 
method. 

Introduction 

Zn-Sb  compounds  are  well-known  materials  which  have  high 
Seebeck  coefficients  and  complex  crystal  structures.  The 
system  have  several  stoichiometric  compounds  such  as  ZnSb, 
Zn4Sb3  and  Zn3Sb2  at  a  room  temperature.  ZnSb,  which  has  a 
stoichiometry  of  Zn:Sn  is  1:1,  was  well  studied  by  Telks  et  al. 
in  1950's[l].  Recently  (3-Zn4Sb3  have  an  increased  interest  since 
it  was  systematically  studied  by  JPL,  and  Caillat  reported  a 
high  figure-of-merit  value  of  ZT=1.3  at  673K[2].  It  is  also 
reported  by  a  group  in  Yamaguchi  Univ.  that  the  ZT  value 
exceeds  1.3  with  an  atomic  substitution  of  Sb  for  Sn[3]. 

According  to  the  phase  diagram,  (3-Zn4Sb3  phase  is 
produced  through  peritectical  reactions  and  this  makes  it 
difficult  to  obtain  a  homogeneous  single  phase  sample.  Several 
approaches  including  the  quenching  from  the  melt[2],  long¬ 
term  annealing  after  ball-milling[3],  etc.  In  the  latter  case,  long¬ 
time  annealing  is  necessary  to  homogenize  the  distributions  of 
elements  and  to  achieve  the  exact  stoichiometry. 

From  the  practical  point  of  view,  we  have  developed 
energy-  and  time-saving  processing  technique  named  PIES 
method [4].  This  process  is  featured  with  a  mechanical  grinding 
of  mixed  powder-elements  and  subsequent  low-temperature 
sintering.  In  the  milling  process,  the  starting  powder  is  ground 
by  mechanical  energy  input  with  ball-mill  machine  or  an 
attritor.  Under  appropriate  conditions,  powder  is  mixed  up  to 
nano-meter  size  and  forms  a  solid  solution  without  increasing 
temperature.  This  makes  it  easier  to  densify  the  powder  at  low 


temperature  sintering  with  good  homogeneity.  For  synthesis  of 
p-Zn4Sb3  phase,  it  is  favorable  not  to  exceed  phase 
transition  temperature  at  492°C.  From  this  point  there  is  an 
enugh  reason  to  apply  the  PIES  method  followed  by  low- 
temperature  sintering  to  (3-Zn4Sb3  synthesis. 

In  this  paper  we  report  the  result  of  the  synthesis  of  (3- 
Zn4Sb3  with  a  centrifugal  ball-mill  and  thier  thermoelectric 
properties. 


Experiment 

Sample  specimens  of  undoped  (3-Zn4Sb3  were  prepared  by  PIES 
method  which  includes  the  pulverizing  process  of  elemental 
zinc  and  antimony  by  high  energy  ball  milling  and  the  sintering 
process.  We  made  5  samples  with  different  Zn/Sb  ratio  as 
shown  in  Table  1.  The  high  energy  ball  milling  process  was 
accomplished  in  an  atmosphere  of  argon.  In  this  study  hot 
pressing  method  were  chosen  as  a  sintering  procedure.  Hot 
pressing  conditions  were  673K  and  773  K,  1500  kgf/cm2  for 
five  hours.  Typical  size  of  the  specimens  was  10  mnnj)  x  5  mm 
thickness.  The  densities  measured  by  the  Archimedes'  principle 
were  about  80%  of  the  ideal  value  for  the  samples  sintered  at 
400°C  and  90  %  for  those  sintered  at  500°C.  The  preparation 
procedure  and  the  conditions  are  shown  in  Figure  1. 

Scanning  Electron  Microscopy-Electron  Probe  Micro  Analyses 


100  mesh,  99.999% 

Ar  atmospher,  20hours 

Graphite  Dies, 
400°C/500°C,  1500kg/cm2 
5  hours 

10mm<j)  x  5mm 


Figure  1.  :  Flow  diagram  of  PIES  method 
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and  X-ray  diffractometry  were  performed  for  examining 
morphology  and  composition  of  the  specimens.  The  Seebeck 
coefficients  were  calculated  from  measurements  of  the 
electromotive  forces  with  temperature  difference  of  10K.  The 
electrical  resistivity  was  measured  by  van  der  Pauw  method  and 
the  Hall  measurements  were  performed.  All  measurements 
were  performed  from  300K  to  about  600K,  except  for  the  Hall 
measurement  which  was  performed  at  300K. 

Results 

l.Pulverizing  process 

Figure  2.  shows  the  magnified  view  of  powder  after  20  hours 
pulverizing  process  with  ball-mill.  The  size  of  the  powder  is 
about  1  |im  and  we  cannot  find  any  macroscopic  segrigations  of 
Zn,  Sb  elements  by  EDX  observation.  Fig. 3  shows  the  Zn/Sb 
ratio  averaged  in  xlOO  view  area.  This  graph  indicates  that  the 
target  compositions  are  achieved  through  the  pulverizing 
process.  However,  we  observed  large  variability  of  the  Zn/Sb 
ratio  when  the  area  for  the  analysis  is  restricted  within  several 
[xm. 

Table  1.  :  Sample  List 

Sample  j  Mole  ratio  [Density (500*0  j Density (400*0)1 


|  Zn:Sb  I  g/crrf3  g/crrT3 

- - — f — — - - 


Figure  2.  :  A  SEM  image  of  the  pulverized  powder. 


Figure  4.  shows  the  XRD  pattarn  of  the  pulverized  powder  and 
dense  sample  sintered  at  500°C.  The  XRD  analysis  indicate  that 
the  major  phase  is  ZnSb  when  the  starting  Zn/Sb  mole  ratio  is 
1.4  while  the  Zn4Sb3  is  dominant  phase  when  the  ratio  Zn/ 
Sb>1.4.  There  are  weak  peaks  corresponding  to  Zn  in  the 


Figure  3. :  Die  variability  of  the  composition  of  the 
powders. 


Figure  3. :  XRD  patterns  of  the  pulverized  powder. 
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sample  with  ratio  Zn/Sb  >  1.5  and  the  peak  height  is  increasing 
with  increasing  the  Zn/Sb  ratio.  This  means  the  very  fine  excess 
Zn  distribute  in  the  sample.  The  XRD  analysis  also  indicate  that 
the  p-Zn4Sb3  phase  is  synthesized  only  when  the  Zn/Sb  mole 
ratio  is  higher  than  1.5.  These  results  disagree  with  the 
equilibrium  phase  diagram,  in  which  the  stoichiometoric  Zn/Sb 
ratio  is  L33.  There  is  no  possibility  of  reducion  of  Zn  in 
pulverizing  process  since  the  operating  temperature  dose  not 
exceed  100°C.  Therefore  these  results  are  supposed  to  stem 
from  the  non-equilibrium  nature  of  the  pulverizing  process. 

2. Hot-Pressed  sample 

Table  1  shows  the  densities  of  samples  hot-pressed  at  400C  and 
500°C,  respectively.  The  relative  densities  to  the  ideal  value 
(6.077g/cm3)[5]  are  about  80%  for  the  sintering  temperature  of 
400°C  and  90%  for  500°C.  Clearly  the  longer  sintering  duration 
is  favorable  for  the  densification  of  the  samples.  But  we  also 
find  that  some  samples  sintered  at  500  °C  are  very  fragile,  and 
this  can  be  due  to  the  y-P  phase  transition  at  492 °C. 

3. Thermoelectric  Properties 

Table  2.  shows  resistivities  pand  Seebeck  coefficients  a  of  the 
hot-pressed  sample  measured  at  room  temperature.  Except  for 
sample  #1, which  is  dominated  with  ZnSb  phase,  the  resistivity 
is  decreasing  with  increasing  Zn/Sb  ratio.  This  result  is 
understandable  as  the  influence  of  the  excess  Zn  to  the  electrical 
conduction.  Seebeck  coefficients  decrease  with  increasing  the 
Zn/Sb  ratio.  The  power  factors  c?!p  are  around  6.3x  104  W / 
mK2  and  these  values  are  comparable  to  those  prepared  by  melt¬ 
quenching  process,  which  consists  of  Zn4Sb3  single  phase. [5] 
The  main  reasons  for  the  inferior  electrical  resistivities  stem 
from  both  the  lower  densities  of  the  sample  and  their  low 
mobilities.  The  microscopic  inhomogeneity  of  the  composition 
is  the  main  reason  of  the  low  mobility.  The  pulverized  powders 
have  a  compositional  distribution  as  shown  in  figure  3  and  there 
are  coexisting  some  other  phases  in  it.  In  this  experiment  there 
are  small  improvement  in  the  homogeneity  through  the 
diffusion  of  the  elements  in  the  hot-press  process.  Therefore  the 
effort  should  be  focused  on  the  optimization  of  the  pulverizing 
process  so  that  the  exact  stoichiometry  is  achieved. 

Figure  5  and  6  show  the  temperature  dependence  of  the 
resistivities  and  the  Seebeck  coefficients.  Both  the  resistivities 
and  the  Seebeck  coefficients  were  measured  in  vacuum  of  10-6 
Torr.  We  have  to  note  that  the  measured  data  were  unstable  with 
temperature  changes.  Plots  shown  in  Figure  5  and  6  are  data 
measured  after  the  several  trials  and  they  contain  the  annealing 


Table  2. .  :  Flow  diagram  of  PIES  method 


Sample 

Resistivity 

Seebeck  coef. 

Power  Factor 

Q  m 

U  V  /K 

W/inK  2 

#1 

1.04e-l 

253 

6.15e-7 

#2 

. 5.47e-5 

J75 

5.60e-4 

#3 

7.86e-5 

160 

3.26e-4 

#4 

3.30e-5 

|  125 

4.73e-4 

#5 

2.47e-5 

!  125 

6.33e-4 

Figure  5. :  Temperature  dependences  of  the  Seebeck 
coefficients. 


Temperature  /  K 


Figure  6.  :  Temperature  dependences  of  the 
resistivity. 
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effects.  The  power  factor  values  are  calculated  from  figure  5 
and  6.  The  highest  power  factor  is  1.27x  10‘3  W/mK2  and  this  is 
obtained  for  600K  for  sample  #2. 

Conclusions 

In  this  study  we  performed  the  synthesis  of  p-Zn4Sb3  by  using 
PIES  and  hot-press  method.  It  is  clarified  that  we  can  obtain  (3- 
Zn4Sb3  phase  by  this  method  when  we  use  Zn  rich  composition. 
But  there  exist  minor  phases  and  excess  Zn  in  the  hot-pressed 
samples.  Relative  densities  of  the  samples  are  about  90%. 
Thermoelectric  properties  are  comparable  to  the  samples 
prepared  by  melt  techniques.  In  conclusion,  we  need  further 
optimization  of  the  pulverizing  and  hot-pressing  conditions  for 
better  homogeneity  of  the  composition. 
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Abstract 

Low  temperature  thermoelectric  power  of  amorphous  alloys 
AWxYioNi,,  (x  =  0,  2,  5  and  8)  exhibits  the  characteristic 
"knee"  which  are  related  to  the  electron  -  phonon  mass 
enhancement.  The  Debye  temperature  TD  and  the  electron  - 
phonon  mass  enhancement  parameter  determined  from  the 
experimental  data  diminish  with  the  rising  A1  content.  This 
surprising  observation  suggests  the  reduction  of  the  density  of 
states  at  the  Fermi  level  related  to  the  attractive  bonding  force 
Al-Y  which  affects  the  nanocrystallization  processes. 

Introduction 

In  the  nonmagnetic  alloys  the  thermoelectric  power  (TEP) 
becomes  often  a  linear  function  of  temperature  T  above  the 
Debye  temperature  TD.  At  low  temperature  a  slope  of  the 
TEP  vs  temperature  curve  increases  giving  rise  to  the 
characteristic  so  called  "knee"  observed  e.g.  in  Fig.  1.  In 
crystalline  materials  such  a  behavior  is  masked  by  the  phonon 
drag  effect.  In  the  structurally  disordered  amorphous 
materials  the  the  phonon  mean  free  path  is  very  short.  Thus 
the  phonon  drag  is  negligible  [1]  and  the  "knee"  can  be 
observed. 

The  low  temperature  "knee"  effect  in  TEP  was  first 
considered  by  Gallagher  [2]  who  associated  the  experimental 
data  with  the  the  electron  -  phonon  mass  enhancement 
predicted  theoretically  by  Opsal.[3],  Later  on  this  effect  was 
observed  in  various  amorphous  alloys  [4-8], 

The  theoretical  calculations  of  TEP  performed  by  Kaiser  [8] 
using  the  an  experimental  vibrational  density  of  states  and 
models  of  the  electron  -  phonon  coupling  parameter  a2(E) 
for  amorphous  Cu-Zr  and  CuTi  were  in  good  agreement  with 
the  experimental  results  of  Gallagher  [2],  Then  Kaiser  and 
Stedman  [9]  showed  that  in  amorphous  alloys  three  effects 
related  to  the  electron  -  phonon  interaction  play  a  role.  This 
are  1)  the  energy  renormalization,  2)  velocity  and  relaxation 
time  renormalization  and  3)  higher  order  scattering 
diagrams.  All  three  effects  have  the  same  temperature 
dependence  but  the  last  two  do  not  depend  on  the  bare 
thermopower.  In  order  to  calculate  the  temperature  variation 
of  the  function  L(T  )  describing  the  thermoepower  effects  due 
to  the  electron  -  phonon  interaction,  Kaiser  and  Stedman  [9] 
applied  the  Debye  phonon  spectrum  F(E)  and  assumed  that 
the  Eliashberg  function  a2F(E)  varies  as  En  with  n  =  1,  2  or 
3.  It  was  found  that  X(T)  is  a  monotonically  diminishing 
function  of  temperature  when  n  =  1  whereas  A.(T)  exhibits 
maximum  for  n  =  2  or  3. 

Generally,  the  simple  metals  with  the  atomic  lattice  easily 
transporting  the  electron  -  phonon  interaction,  are 
distinguished  by  the  large  interaction  parameter  X  >  1  and  the 
relatively  high  transition  temperature  T0.  For  such  metals  the 


Eliashberg  function  a2F(E)  ~  E  and  a(T)  diminishes 
monotonically  with  rising  temperature,  as  it  was  described  by 
Bergmann  [10], 

On  the  other  hand,  in  the  amorphous  transition  metals  X  < 
1  due  to  the  worse  propagation  of  the  electron  -  phonon 
interaction  in  their  lattice.  The  exponent  n  in  the  Eliashberg 
function  n  =  2  or  3  [ll,12]and  then  the  X(T  )  exhibits  the 
characteristic  maximum. 

The  present  work  reports  the  results  of  the  low  temperature 
thermoelectric  studies  of  amorphous  alloys  Al9o.xYi0Nix  (x  = 
0, 2,  5  and  8)  which  were  performed  to  elucidate  an  influence 
of  the  transition  metals  Ni  on  the  electron  -  phonon 
interaction. 

Experimental 

The  amorphous  alloys  were  prepared  by  melt  spinning 
method  under  an  argon  atmosphere.  The  alloy  compositions 
were  A190Yio,  AWxYioNi*  (x  =  2,  5,  8).  Their  amorphicity 
was  checked  by  X  -  ray  diffraction.  TEP  was  mesured  by 
differential  method  between  20  and  300  K  [13]. 
Thermoelectric  power  of  copper  wires  was  subtracted. 

Results 

The  values  of  TEP  are  negative  ranging  between  0  and  -5 
pV/K  (Fig.  1).  Above  approximately  100  K  TEP  is  a  roughly 
linear  function  of  temperature  whereas  in  the  low  temperature 
range  TEP  exhibits  a  characteristic  "knee"  and  an  abrupt 
approach  to  about  0  uV/K  at  0  K.  TEP  of  the  Ni  containing 
alloys  becomes  more  negative  with  increasing  x. 

The  X(T)  =  S(T)  /  T  variations  plotted  in  Fig.  2  have  the 
maxima  around  50  K  which  suggest  that  the  exponent  in  the 
Eliashberg  function  n  is  equal  2  or  3. 

Data  Analysis 

Kaiser  and  Stedman  [9]  showed  that 

X(T)  =  S(T)/T=Xb[l  +  A0MT)]  +  mT)  (D 

where  the  bare  thermoelectric  power  Sb  determined  above  the 
Debye  temperature  defines  the  bare  thermopower  parameter 
Xb(T)  =  Sb  /  T  and  A.(T)  is  written  as 

oo 

jdEE'a2(E)F(E)Gs  (E  /  kT) 

MT)  =  -a - - -  (2) 

J</££"V(£)F(£) 
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with  the  universal  function  Gs(y)  proposed  by  Kaiser  [3]  as 
follow's: 


0  o  I 

whereat)  is  the  Fermi  function. 


m/ 

{t-z)2-y2\ 


(3) 


The  second  term  in  eq.  1  expresses  the  energy 
renormalization.  The  third  term  of  eq.  1  is  due  to  the  velocity 
and  relaxation  time  renormalization  as  well  as  the  higher 
order  scattering  diagrams.  A  relative  role  of  the  third  term 
becomes  more  important  when  a  magnitude  of  the  bare 
thermoelectric  power  is  small  [9],  For  the  Al-Y-Ni  alloys  the 
bare  thermopower  is  small  and  the  PMT)  term  is  negligible  in 
the  Al-Y-Ni  alloys.  However  due  to  a  presence  of  the 
magnetic  Ni  atoms  the  spin  fluctuation  effect  should  K(  be 
included.  Then  eq.  1  can  be  written  as 


(1+'V) 


where  a-  1/(1+  Xsf ) 


It  is  assumed  that  =  const,  which  is  true  at  temperature 
higher  above  the  spin  fluctuation  temperature.  Equation  2  is 
simplified  in  the  extremal  temperature  ranges.  At  high 
temperature  close  to  Td  when  the  X(T)  approaches  X»  and 
?.(T)  =  0,  eq.  2  becomes : 


1  +  X 


(5) 


Sf 


At  very  low  temperature  when  X  =  Xo  and  X(T)  =  1  the  eq.  2 
transforms  to 


Xo  = 


(6) 


Thus  the  experimental  data  diplayed  in  Fig.  2  allow  to 
determine  some  valuable  parameters,  like: 

1)  the  Debye  temperature  Tp,  above  which  the  electron  - 
phonon  mass  enhancement  vanishes  found  from  the  X(T) 
slope, 

2)  the  value  of  X^  from  X(T)  above  TD  -  according  to  eq.  4, 

3)  the  Xo  value  at  low  temperature, 

4)  the  parameter  a?^  =  Ac  /  (1  +  kf )  =  (X0  -  XK  )/X„ 

The  fitting  procedures  applied  to  the  experimental  data 
resulted  in  the  parameters  listed  in  Tab.  I. 

Discussion 

The  parameters  Tp,  X*,  and  aXo  determined  from  the  the 
experimental  data  and  listed  in  Tab.  I  may  be  affected  by  the 
three  factors:  1)  ability  of  the  atomic  lattice  to  transfer  the 
electron  -  electron  interaction,  2)  spin  fluctuations  due  to  the 
presence  of  the  transition  atoms  of  Ni  and  3)  electron 
structure  of  alloys. 


Fig.  1.  Temperature  dependence  of  thermoelectric  power  for 
AWxYioNix  alloys. 


alloys 

In  the  amorphous  alloys  A1 90.x  Y]0Ni  x  values  Tp,  X*  and 
ak o  diminish  with  the  rising  A1  content.  This  appeals  to 
consider  separately  an  influence  of  the  above  mentioned 
factors. 

1.  One  might  expect  that  in  the  alloys  studied  containing  82 
to  90  %  of  the  simple  metal  as  Al,  values  of  Tp,  X*,  and  a). 0 
parameters  should  increase,  because  the  magnitude  of  the 
electron  -  phonon  interaction  should  be  stronger  at  higher  Al 
content .  Such  a  tendency  contrasts  with  this  one  observed  in 
Tab.  I 
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Table  1 .  Parameters  determined  from  TEP  data  analysis. 


Alloy 

Td(K) 

Xo  (nV/K2) 

X*(nV/K2) 

aX 0  =Xq  /  (1  +  A.sf ) 

AI90Y10 

220 

12.5 

-9.0 

0.39 

AlggYioN^ 

240 

15.0 

-10.3 

0.46 

Al85Y10Ni5 

250 

20.0 

-12.7 

0.57 

A^YioNis 

270 

25.0 

-14.8 

0.69 

2.  The  magnetic  Ni  atoms  present  in  the  alloys  studied  should 
involve  the  spin  fluctuation  effects.  Thus  at  the  diminishing 
Ni  content  (equivalent  to  increasing  A1  %)  the  kif  should  also 
decrease  [6],  In  turn,  the  ak 0  parameter  should  rise  up,  just 
oppositely  to  the  tendency  seen  in  the  last  column  of  Tab.  I. 

3.  The  most  plausible  interpretation  of  the  TD,  X*,  and  ak o 
variations  presented  in  Tab.  I  is  related  to  the  electron 
structure  of  the  alloys.  Values  of  k0  decreasing  with  the 
rising  A1  content  may  be  due  to  the  reduction  of  the  density  of 
states  at  the  Fermi  level  N(0).  Since  there  are  no  published 
data  on  the  electron  structure  of  the  Al-Y-Ni  alloys,  the 
results  of  electron  structure  of  the  Al(ZrNi)  alloys  reported  by 
Yamada  et  al  [14]  may  be  applied  as  the  first  approximation. 
This  is  justified  since  the  Y  atom  has  only  one  4d  electron 
less  than  Zr  and  the  great  similarity  inthe  electron  structure 
of  both  the  alloys  may  be  assumed.  The  data  of  Yamada  et  al. 
prove  that  the  density  of  states  at  the  Fermi  level  is 
determined  by  4d  Zr  electrons.  The  Y  content  is  the  same  for 
each  of  the  alloys  studied.  This  should  lead  to  the  constant 
N(0)  and  k0  values.  The  observed  X0  values  diminishing  at 
higher  Al  content  reveal  the  simultaneous  decrease  of  N(0). 
This  may  occur,  if  the  4d  Y  states  are  occupied  by  the  3p 
(and  maybe  also  3  s)  electrons  of  the  Al  atoms.  Thus,  the 
relation  between  k„  and  Al  content  is  caused  by  the  occurence 
of  the  bonding  force  Al-Y.  Such  bonds  were  also  reported  by 
Matsubara  et  al.  [15]  and  Audebert  et  al.  [16]  for  amorphous 
Al-Y-Ni  and  Al-Fe-Nb  respectively. 

It  is  worth  to  notice  that  a  very  similar  picture  was 
proposed  by  Bhatnagar  et  al.  [17],  They  explained  the 
decrease  of  k0  in  the  alloys  Al(Zr/Ni)  by  the  reduction  of  the 
density  of  states  N(0)  which  was  obviously  caused  by  the 
diminishing  Zr  content. 

The  amorphous  alloys  Al-Y-Ni  are  known  to  transform  to 
the  nanocrystalline  phase  [18,19].  Thus,  the  model  presented 
in  point  3)  is  of  relevance  for  the  microstructural 
nanocrystallization  processes  in  these  alloys.  Namely  the 
attractive  Al-Y  forces  may  cause  spatial  atomic  segregation  in 
amorphous  alloys.  Then  they  may  operate  twofold:  first 
creating  the  heterogeneous  nucleation  centers  [18],  which 
initiate  the  crystallization,  and  second  by  additionally 
inhibiting  a  growth  of  nanograins,  since  the  diffusion  of  Al 
atoms  is  slowed  down  due  to  these  forces. 

Conclusion 

The  Debye  temperature  TD  and  the  electron  -  phonon  mass 
enhancement  parameter  ak0  determined  from  the 
experimental  thermoelectric  data  diminish  with  the  rising  Al 
content.  Moreover  the  n  exponent  in  the  Eliashberg  function 
is  equal  to  2  or  3.  Such  observations  are  in  contradiction  to 


the  variations  of  these  parameters  expected  for  alloys 
containing  the  prevailing  amount  of  simple  metals.  The  most 
plausible  reason  of  the  reported  dependences  may  be  the 
reduction  of  the  density  of  states  at  the  Fermi  level.  This 
reduction  may  occur  when  the  4d  Y  states  at  the  Fermi  level 
are  gradually  filled  by  the  the  3p  and  possibly  3  s  electrons  of 
Al  at  rising  Al  content.  The  above  picture  corresponds  to  the 
attractive  bonding  force  Al-Y  reported  also  by  other  authors 
and  correlates  with  the  observed  nanocrystallization  of  these 
alloys. 

Samples  were  kindly  supplied  by  Dr.  J.  Latuch.  This  work 
supported  by  grant  PB/981/T08/97/12  of  KBN. 
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Abstract 

Polycrystalline  superconductors  Hg1Ba2Ca2Cu308+6  were 
synthesized  from  oxides  by  the  solid  state  reaction. 
Thermoelectric  power,  thermal  conductivity  and  electrical 
resistivity  of  the  Hg  -  based  high  temperature  superconductors 
were  measured  in  a  broad  temperature  range  between  20  and 
300  K.  The  influence  of  magnetic  fields  up  to  0.35  T  was  also 
studied.  The  superconducting  transition  starts  at  about  136  K 
and  is  completed  in  a  relatively  narrow  temperature  interval  as 
revealed  by  thermoelectric  power  and  resistivity 
measurements.  The  transition  interval  broadens  in  a  magnetic 
field.  The  experimental  data  are  used  to  determine  and  discuss 
the  figure  of  merit  for  the  Hgl223  superconductor.  The  figure 
of  merit  increases  in  an  external  small  magnetic  field. 

Introduction 

Peltier  refrigerator  junction  consists  of  two 
thermoelectrically  active  materials,  one  n-type  and  the  other 
p-type,  mounted  on  the  heat  sink  at  one  end  and  electrically 
connected  at  the  other  hand  to  form  the  cold  junction.  To 
characterize  the  Peltier  refrigerator  one  uses  the  so-called 
"figure  of  merit"  z:  for  a  material  z  =  Q  /(kp),  where  Q  is  the 
thermoelectric  power  (TEP)  coefficient,  k  the  thermal 
conductivity  and  p  the  electrical  resistivity.  The  figure  of 
merit  of  the  refrigerator  is  approximately  the  average  <z>  of 
the  components.  Peltier  coolers  are  traditionally  used  near 
room  temperature  in  situations  where  compact,  low  power 
conditions  are  appropriate.  For  the  low  (50-200  K) 
temperature  range,  the  best  thermoelectric  materials  are 
layered  monocrystalline  Bi-Sb  [1,2].  High  Tc  superconductors 
can  be  of  p-  or  n-type  [3]. 

Contrary  to  standard  opinion  thermoelectric  effects  appear 
in  superconductors,  in  particular  if  they  are  granular  ones  [4- 
6].  The  case  of  "transverse  effects"  (when  a  magnetic  field  H 
is  perpendicular  to  the  thermal  current  J  and  the  electric  field 
E)  is  of  great  interest  [7].  If  controlled,  such  effects  would 
allow  for  the  use  of  cryocoolers  in  magnetic  fields  near  liquid 
nitrogen  temperature.  The  Seebeck  and  Peltier  effects  of 
HTSC  have  been  much  studied  by  the  Liege  SUPRAS  group, 
from  a  theoretical  and  experimental  point  of  view  [e.g.,8-12]. 
Here  we  report  investigations  of  the  basic  transport 


coefficients  and  the  electrothermal  conductivity  P  =  Q/p  for  a 
new  class  of  HTSC,  i.e.  a  Hg-based  HTSC  [13]. 

Experimental 

Samples  with  a  composition  Hgj  4Ba2Ca2Cu308+5  were 
prepared  by  the  solid  state  reaction  starting  with  the 
stoichiometric  mixtures  of  powdered  of  Hg-,  Ba-  Ca-  and  Cu- 
oxides,  which  were  ground  together  under  a  dry  nitrogen  and 
pressed  into  pellets  of  a  few  mm  diameter  and  heated  in  sealed 
quartz  ampoules  at  860  C  for  5  hours.  The  transport 
measurements  were  made  in  a  closed  cycle  refrigerator 
between  20  and  300  K.  Electrical  resistivity  was  measured 
using  the  precise  four  probe  method  reversing  the  electrical 
current  direction  in  order  to  minimise  noise  and  Peltier 
effects.  Thermoelectric  power  and  thermal  conductivity 
coefficient  were  measured  simultaneously  by  the  differential 
and  steady  state  methods,  respectively.  Temperature 
dependence  of  the  electrothermal  conductivity  was 
determined  from  the  electrical  resistivity  and  thermoelectric 
power.  A  magnetic  field  up  to  0.35  T  was  supplied  by  the 
electromagnet.  More  experimental  details  can  be  found  in 
[10]. 

Electrical  resistivity 

The  electrical  resistivity  is  about  20  pQm  at  140  K  and 
varies  almost  linearily  with  temperature  in  the  normal  state. 
Departure  from  linearity  appears  below  180  K.  A  transition  to 
the  superconducting  state  starts  at  about  T  =  136  K  and  is 
complete  at  the  resistivity  percolation  temperature  T  =131 
K,  where  the  electrical  resistivity  vanishes  below  the  noise 
level.  An  application  of  the  magnetic  field  does  not  affect  the 
onset  temperature  of  136  K.  However,  the  transition  interval 
broadens  monotonically  and  the  superconducting  state  is 
chieved  at  last  below  T  =  121  K. 

Thermoelectric  power 

In  analogy  to  the  electrical  resistivity  also  the 
thermoelectric  power  is  found  to  be  a  linear  function  of 
temperature  above  180  K  (Fig.  1),  where  the  slope  of  Q  vs  T 
is  equal  to  -0.022  pV/K2  .  The  broad  maximum  of  6  pV/K  is 
located  at  145  K,  much  above  the  transition  temperature.  The 
superconducting  transition  interval  is  about  10  K  broad 
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without  magnetic  field.  When  a  magnetic  field  of  0.1  T  is 
applied  the  transition  interval  broadens  and  the  thermoelectric 
power  vanishes  at  a  temperature  2  K  lower,  i.e.  129  K  (Fig. 
2). 


T  (  K ) 


128  130  132  134  136  138 

T  ( K ) 


Fig.  2.  Thermoelectric  power  of  Hgl223  in  the  transition 
interval  with  and  without  magnetic  field. 

Electrothermal  conductivity 

The  electrothermal  conductivity  describes  the  density  of 
the  normal  state  excitations  driven  by  a  thermal  gradient.  The 
temperature  variation  of  the  electrothermal  conductivity  P  is 


typical  of  HTSC  materials  [10,14,15].  In  the  normal  state  it 
attains  a  value  of  0.3  A/Km  just  above  the  t 
transition  temperature  and  is  slowly  decreasing  with 
temperature  with  a  slope  of  -0.34  A/K  m.  A  huge  and  narrow 
maximum  about  1.9  A/Km  is  seen  in  the  transition  interval 
(Fig.  3).  A  magnetic  field  of  0. 1  T  affects  strongly  P  in  the 
transition  range.  The  maximum  value  becomes  more  than 
twice  smaller  and  broader.  Moreover  the  transition  is 
completed  at  last  at  129  K. 
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Fig.  3.  Electrothermal  conductivity  vs  temperature  with  and 
without  a  small  external  magnetic  field. 


Fig.  4.  Thermal  conductivity  of  Hg 1223  .vs  temperature. 
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Thermal  conductivity 

The  thermal  conductivity  behavior  in  superconductors  is 
very  unique.  In  sharp  contrast  to  the  electrical  transport 
parameters  like  the  electrical  resistivity  and  thermoelectric 
power  vanishing  in  the  superconducting  state,  the  thermal 
conductivity  reveals  even  a  pronounced  maximum  in  the 
superconducting  phase  (Fig.  4).  This  maximum  equal  to  13.8 
W/Km  is  located  approximately  about  T  /2.  There  is  a  long 
lasting  debate  concerning  the  electron  versus  phonon  origin  of 
this  maximum.  In  the  normal  state  the  thermal  conductivity 
varies  slowly  around  8  W/Km.  Application  of  a  0.35  T 
magnetic  field  does  not  alter  the  thermal  conductivity  both  in 
the  normal  and  superconducting  states.  The  peak  in  the 
electrothermal  conductivity  has  been  shown  to  be  highly 
dependent  on  the  type  of  band  structure  in  particular  of  the 
Van  Hove  singularities  and  of  the  order  parameter  symmetry 
of  the  compound  [16-18]. 

Discussion 

The  electrical  resistivity  of  the  polycrystalline  samples 
studied  here  is  obviously  higher  than  for  the  Hgl223  single 
crystals  [19].  The  relatively  narrow  transition  interval 
confirms  that  the  sample  does  not  contain  noticable  amount  of 
additional  phases  beyond  Hgl223.  The  temperature  derivative 
of  the  electrical  resistivity  (Fig.  5)  for  various  magnetic  fields 
shows  that  the  superconducting  transition  critical  region  starts 
at  136  K  independently  of  the  applied  magnetic  field.  A 
position  of  the  dp/dT  peak  shifts  towards  lower  temperatures. 
Such  a  behavior  shows  that  the  samples  are  homogeneous  and 
intergrain  contacts  are  good. 


Fig.  5.  Temperature  derivative  of  electrical  resistivity. 

The  broadening  of  the  transition  interval  in  the  magnetic  field 
is  related  to  the  existence  of  a  so  called  mixed  state.  The 
electrical  resistivity  in  the  mixed  state  does  not  vanish  due  to 


the  additional  electron  scattering  on  vortices.  The  transition 
interval  width  may  also  increase  due  to  the  degeneration  of 
the  intergrain  contacts  by  the  magnetic  field. 

In  the  mixed  state  the  electrical  resistivity  vanishes  at  the  so 
called  resistivity  percolation  temperature  varying  with 
magnetic  field  strength  as  plotted  in  Fig.  6.  Thus  the  Hgl223 
superconductors  seem  to  be  strongly  affected  by  a  magnetic 
field  since  the  application  of  the  magnetic  field  of  0.35  T 
shifts  the  percolation  temperature  by  10  K. 


T(K) 

Fig.  6.  Electrical  resistivity  percolation  line 

The  thermoelectric  power  maximum  is  comparable  or  even 
lower  than  that  reported  by  other  authors  [19-24].  The 
relatively  low  values  of  TEP  in  the  normal  state  prove  that  the 
samples  are  well  oxygenated.  Moreover,  the  TEP  values 
enable  to  determine  the  hole  concentration  to  be  0.14,  which 
is  very  close  to  the  optimal  one  equal  to  0.16.  This 
corresponds  to  the  overdoped  system  [25,26].  Assuming  the 
diffusional  mechanism  for  the  normal  state  TEP  one  may 
write  it  as 

Q(T)  =  Q0  +  it2  k2  T  /  e  Ef  (1) 

and  calculate  the  Fermi  energy  EF  =  3  +  0.2  eV.  A  value  of  EF 
is  rather  large  as  compared  with  1.5  ±  0.5  eV  for  the  Bi2223 
superconductors  [27]. 

The  behavior  of  the  electrical  resisitivity  in  a  field,  i.e.  the 
broadening  of  the  transition  temperature  range  is  usually 
interpreted  through  weak  links  and  intrinsic  effects.  In  the 
case  of  the  thermoelectric  power,  the  situation  is  more 
complex  because  one  cannot  superpose  linearly  various 
effects  even  in  absence  of  field  [28];  It  is  thought  that  the 
dissipation  mechanisms  contain  scattering  terms  from  electron 
and  quasiparticle  scattering  with  vortices  and  defects,  but  also 
an  entropy  term  due  to  the  inhomogeneous  distribution  of 
vortices  in  the  sample.  It  has  been  thought  that  the  behavior  of 
the  integrated  excess  TEP  as  a  function  of  the  field  is  likely  a 
signature  of  the  order  parameter  dominating  symmetry 
[29,30]  and  therefore  the  broadening  of  the  TEP  transition  is 
of  very  great  interest. 
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The  experimentally  determined  figure  of  merit  z  is  about 
2*10*7  K'1  in  the  normal  state  (Fig.  7)  being  drastically  smaller 
as  compared  to  the  semiconductors  working  in  Peltier 
refrigerators  [31].  Values  of  z  increase  3  times  in  the  narrow 
transition  interval.  Additionally  an  application  of  magnetic 
field  of  0.1  T  causes  that  z  rises  by  50  %  which  is 
accompanied  by  a  broadening  of  the  transition  interval  by  2 
K.  This  data  shows  that  one  may  not  expect  to  use  Hgl223 
superconductors  as  active  Peltier  elements.  On  the  other  hand, 
the  Hgl223  material  may  play  the  role  of  the  passive 
thermoelement  working  above  the  liquid  nitrogen  temperature 
as  recently  proposed  [3,32-33]. 


T  (  K ) 

Fig.  7.  Figure  of  merit  for  Hgl223  vs  temperature  in  a 
presence  or  not  of  the  magnetic  field. 

Conclusions 

In  view  of  the  above  it  seems  of  interest  to  continue  testing 
HTSC  couples  for  Peltier  cryocoolers,  and  in  particular  to 
optimize  the  material  properties  in  order  to  improve  the  figure 
of  merit.  No  need  to  say  that  many  fundamental  and  technical 
questions  are  still  unsolved. 
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Abstract 

The  electrical  resistivity  and  Seebeck  effect  probe  the 
charge  carrier  currents  caused  by  electric  and  temperature 
gradients.  A  magnetic  field  additionally  superimposed  on  a 
superconducting  sample  allows  to  observe  phenomena  called 
excess  electrical  resistivity,  excess  thermoelectric  power, 
Nemst  effect  and  excess  electrothermal  conductivity.  These 
parameters  supply  some  consistent  information  on  the 
kinetics  of  vortices  and  of  quasi  particle  scattering  in  the 
mixed  state.  We  stress  apparently  different  behaviors  for  the 
various  effects.  We  emphasize  that  more  relevance  should  be 
put  on  sorting  out  the  various  dissipation  mechanisms,  like 
quasi  particle  scattering,  vortex  motion  dissipation  and 
superconductivity  fluctuations.  Several  cases  of  Bi-based 
superconductors  are  reviewed  with  the  aim  of  defining 
further  investigation  lines. 

Introduction 

Electric  charge  and  heat  transport  processes  proceed  in 
various  manner  in  the  normal,  superconducting  and  mixed 
states  of  high  critical  temperature  superconductors  (HTSC), 
since  the  carriers  exhibit  unique  properties  in  these  states. 
The  so  called  mixed  state  where  the  quasiparticles  (QP)  and 
vortices  (V)  respond  both  to  the  electric  and  temperature 
gradients  [1]  is  selected  for  discussion  here  below. 

The  electrical  resistivity,  thermoelectric  power  and 
electrothermal  conductivity  probe  electric  and  heat  currents 
and  supply  a  characterization  complementary  to  the  data 
obtained  from  non-transport  methods.  When  a  magnetic  field 
B  is  additionally  superimposed  on  the  superconducting 
sample  with  an  orientation  parallel  or  perpendicular  to  the 
electric  or  temperature  gradient,  effects  called  excess 
electrical  resistivity,  excess  thermoelectric  power,  Nemst 
effect  and  excess  electrothermal  conductivity  can  be  observed. 
The  excess  magneto-thermal  conductivity  is  not  discussed 
here. 

The  thermopower  and  Nemst  effects  may  be  thought  as  the 
thermal  analogues  of  the  electrical  resistivity  and  the  Hall 
effect  with  the  heat  current  replacing  the  electrical  current. 
Indeed,  the  Nemst  effect  is  the  off-diagonal  element  of  the 
Seebeck  coeficient  tensor  when  the  magnetic  field  is 
perpendicular  to  the  plane  of  the  thermal  gradient  and  the 
induced,  and  measured,  electric  potential.These  properties 
are  markedly  anisotropic  due  to  the  crystallographic  layered 
structure  of  HTSC  materials.  The  choice  of  the  x,  y,  and  z 
axes  and  of  the  measured  tensor  element  will  depend  on  the 
choice  of  the  experimental  probe  positions.  In  fact,  this  will 
often  practically  depend  on  the  geometry  of  the  sample,  and 
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the  available  space  for  connecting  such  probes  to  the  sample. 
However  in  single  crystal  materials  or  in  their  equivalent 
ones,  like  the  textured  materials,  the  intrinsic 
crystallographic  anisotropy  leads  to  an  extra  degree  of 
freedom  for  the  experimental  investigation,  i.e.  specifically 
the  orientation  of  the  field  can  be  parallel  or  perpendicular  to 
the  layers. 

The  correct  choice  of  "currents"  must  be  considered  beside 
the  proper  choice  of  conjugate  flaxes  and  forces  [2]  in  a 
simple  phenomenological  description.  The  appropriate 
"scattering  relaxation  time(s)"  and  "density  of  carriers"  have 
to  be  considered.  It  is  known  that  a  description  of  the 
anisotropy  of  such  quantities  is  not  trivial  [3],  In  such  a 
spirit  one  can  examine  contributions  to  the  traditional 
dissipation  mechanisms  from  QP  and  V  and  propose  new 
ones  in  HTSC.  For  example,  the  sign  of  the  Nemst  effect  is 
properly  determined  by  the  energy  dependence  of  the 
relaxation  time  in  a  kinetic  theory  [2].  This  opens  the 
possibility  of  finding  whether  any  relaxation  mechanism 
corresponds  to  carrier  scattering  by  excitations  having  a 
linear  spectrum,  like  trivially  acoustic  phonons  or  the  vortex 
line  thermal  excitations.  This  can  be  related  to  the 
considerations  of  Coffey  [4],  who  has  further  distinguished 
between  Abrikosov  and  Josephson  vortices,  depending  on  the 
magnitude  of  the  magnetic  field.  Let  us  also  point  out  the 
relevant  considerations  of  Samoilov  et  al.  [5]  for  the  TEP 
only  of  2212  BSCCO  single  crystal  systems.  Moreover,  the 
role  of  superconducting  fluctuations  below  and  above  the 
Ginzburg  -  Landau  temperature  has  already  been  considered 
by  many  authors  but  should  be  still  rethought  of  in  view  of 
modem  developments  on  QP  and  V  dissipative  mechanisms 
which  should  be  better  taken  as  a  background  to  be  extracted 
before  looking  for  critical  exponents. 

This  paper  is  aimed  at  presenting  physically  relevant 
features  and  parameters  obtained  from  such  magneto¬ 
transport  measurements;  we  will  concentrate  our  attention  on 
Bi-based  HTSC  for  which  some  anisotropy  effects  could  be 
well  marked.  In  the  following  the  critical  temperature  Tc  is 
that  of  the  inflection  point  in  the  electrical  resistivity  or  the 
thermoelectric  power  (TEP)  accordingly,  while  the 
percolation  temperature  Tp  is  that  at  which  the  property 
vanishes.  This  occurs  when  a  perfect  phase  coherence  is 
established  throughout  the  sample.  Both  Tc  and  Tp  depend  on 
B.  In  the  framework  of  usual  data  analysis  near  phase 
transitions,  we  will  compare  the  temperature  shifts  and 
transition  widths  with  respect  to  their  zero  field  value  in  the 
appropriate  relative  units. 
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Experimental 

Several  polycrystalline  samples,  i.e.  Bi^.PbojSrCacCi^ 
Oio-x  (PA)  [6],  Bii ,34Pbo.34Srt .91  Ca2.03Cu3.06O1  o-y  (PB)  [7],  a 
lead-free  Bi:Sr:Ca:Cu3Oio.v  textured  (TA  and  TC  - 
corresponding  to  the  magnetic  field  oriented  in  the  ab-  plane 
and  c-  axis,  respectively)  [8.91  and  a  BLSraCaiCtoOs-z  single 
crystal  (SC)  [10]  were  examined.  They  were  structurally 
characterized  by  X  -  ray  diffraction  and  electron  microscopy. 
The  transport  measurements  were  made  under  helium 
atmosphere  between  15  and  300  K.  The  electrical  resistivity 
p(T)  and  the  thermoelectric  power  Q(T)  were  measured  from 
the  voltage  and  temperature  drops  along  the  sample.  A 
magnetic  field  up  to  4  T  oriented  perpendicular  to  the  electric 
potential  or  temperature  gradient  was  used  to  measure 
magnetoeffects  in  p(T)  and  Q(T).  In  the  case  of  the  textured 
samples  it  was  possible  to  orient  the  field  transversallv  to  the 
sample  along  the  c-axis  or  along  the  ab-plane  direction.  The 
data  are  called  TC  and  TA  respectively  in  the  following 
figures.  The  electrothermal  conductivity  P  =Q/p  in  a 
magnetic  field  B  directly  results  from  both  Q(T,  B)  and  p(T. 
B).  The  (transverse)  Nemst  coefficient  N  was  calculated  from 
the  voltage  appearing  at  right  angle  both  to  the  temperature 
gradient  and  the  magnetic  field  directions.  The  experimental 
details  were  described  elsewhere  [6-10]. 

Electrical  resistivity  in  a  magnetic  field 

The  electrical  resistivity  and  thermoelectric  power 
measured  in  an  external  magnetic  field  unveil  some 
additional  structure  as  compared  with  the  zero  field  case.  The 
width  of  the  transition  is  always  finite  even  in  zero  field  (Fig. 
1).  This  indicates  some  weak  link  existence  even  in  the  case 
of  the  textured  and  single  crystal  samples.  The  external 
magnetic  field  enhances  the  intra-  and  inter-grain 
contributions  in  the  resistivity  through  features  appearing  at 
the  upper  and  at  the  lower  end  of  the  temperature  intervals  of 
interest.  The  relative  transition  intervals  are  the  relative 
differences  between  Tc  and  Tp  for  each  field.  They  are 
relatively  broader  in  the  polycrystalline  HTSC  than  in  the 
pressure  textured  and  crystalline  samples  (Fig.  1).  A 
relatively  linear  behavior  is  seen  for  all  samples  except  for 
the  PB  sample  for  which  a  3/4  power  law  can  be  well 
demonstrated  on  a  log-log  plot.  Notice  that  this  is  different 
from  Tinkham's  law  [11]  which  predicts  a  2/3  power,  likely 
valid  for  3D  systems  only. 

The  different  behaviors  point  to  the  different  origins  of  the 
transition  broadening.  The  most  plausible  explanation  is  that 
the  main  contribution  below  and  close  to  Tc  arises  due  to  the 
intragranular  transition.  The  contribution  at  lower 
temperature  is  more  magnetic  field  sensitive  and  is  related  to 
intergranular  phenomena  for  which  the  weak  link 
distribution  plays  a  major  role.  Let  us  recall  that  the  usual 
geometry  for  measuring  p(T,  B)  is  not  useful  for 
distinguishing  quasi  particle  scattering  from  vortex 
dissipation.  However  results  obtained  with  an  YBCO  Corbino 
disk  [12]  suggest  that  the  mixed  state  dissipation  of  high-Tc 
superconductors  is  very  strongly  influenced  by  the 
quasiparticle  (QP)  excitations.  It  would  be  interesting  to 


reproduce  the  Corbino  geometry  disk  experiment  with  Bi- 
based  materials. 


0.00  .01  .02  .03  .0' 


1  *  ( TC(B)  /  Tc(0) ) 

Fig.  1.  Variation  of  the  mixed  state  temperature  interval  as  a 
function  of  the  relative  shift  of  the  transition  temperature  at 
different  fields  and  for  different  samples  as  defined  in  the 
text.  Lines  are  guides  to  the  eye  only.  Data  are  calculated 
from  electrical  resistivity  measurements. 


1  -  ( TC(B)  /  Tc(0) ) 


Fig.  2.  Variation  of  the  mixed  state  temperature  interval  as  a 
function  of  the  relative  shift  of  the  transition  temperature  at 
different  fields  and  for  different  samples.  Lines  are  guides  to 
the  eye  only.  Data  extracted  from  thermoelectric 
measurements. 
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Thermoelectric  power  in  a  magnetic  field 

The  normal  state  values  of  TEP  data  enable  to  determine 
the  hole  concentration,  p,  by  fitting  to  the  empirical  formula 
[13] 

Tc/TaMK=l-82.6(p-0.16):  (1) 

The  p  values  locate  the  HTSC  samples  studied  here  in  the 
under-(below  0.16)  and  over-doped  (over  0.16)  ranges,  as 
listed  in  Table  I. 

A  very  similar  tendency  as  seen  in  the  behavior  of  the 
resistivity  is  also  observed  for  the  thermoelectric  power  in  the 
mixed  state.  The  broadening  of  the  transition  width  (Fig.  2) 
is  wider  in  the  TEP  case  than  in  the  resistivity  case  and 
increases  linearly  even  for  the  PB  sample  but  not  so  much  for 
TC,  i.e.  for  B  //  c.  This  is  usually  related  to  the  external 
magnetic  field  penetration  into  HTSC  weak  links  [14]  and 
the  vortex  motion  dissipation  in  layers.  However  it  would  be 
of  interest  to  investigate  whether  the  quasiparticle  dissipation 
is  still  as  high  as  the  vortex  dissipation  in  HTSC  as  found  for 
the  electrical  resistivity  in  the  mixed  state.  Recent  works  by 
Clayhold  et  al.[15]  seem  to  indicate  that  specific  features 
might  be  explained  at  least  at  low  field  as  due  to  the  former 
(QP)  effect  also  for  this  thermal  transport  property.  Then  the 
temperature  and  field  range  where  an  equal  balance  of 
dissipation  contribution  should  occur  is  a  question  of  great 
interest.  It  could  be  further  investigated  whether  that 
temperature  occurs  above  the  equivalent  phase  coherence 
transition  temperature  Tp  for  TEP  and  whether  the  flux  line 
lattice  melting  can  be  observed  in  such  type  of  transport 
property.  Let  us  recall  the  anomalous  hysteresis  seen  in  TEP 
in  ref.  16.  which  was  interpreted  as  due  to  weak  links  but 
might  now  be  considered  as  a  signature  of  the  vortex  lattice 
melting  (first  order)  transition  [17,  18]. 

Electrothermal  conductivity  in  a  magnetic  field 

The  electrothermal  conductivity  is  defined  by  P  =  Q  /  p.  It 
probes  the  electrical  current  density  of  the  normal  excitations, 
driven  by  a  thermal  gradient  [7,15,19],  P  is  a  slowly  varying 
function  in  the  normal  state  of  the  type  II  HTSC.  A  4/3  power 
law  can  also  be  seen  on  a  log-log  plot  for  the  behavior  of  the 
temperature  transition  width  of  P  as  a  function  of  the  field  for 
the  PB  case.  The  width  gradually  broadens  when  stronger 
magnetic  fields  penetrate  in  the  HTSC  samples.  The  finite 
value  of  P  below  the  finite  field  phase  coherence  transition 
temperature  Tp  of  the  resistivity  indicates  that  different 
mechanisms  are  responsible  for  the  loss  of  superconductivity 
in  various  properties. 

Nernst  effect 

The  Nernst  signal  arises  at  a  temperature  about  5  to  10  K 
higher  than  the  Ginzburg  -  Landau  transition  temperature 
indicated  by  the  electrical  resistivity  and  thermoelectric 
power  inflection  point  [6-10.20,21].  Since  the  normal  state 
Nernst  effect  has  some  small  though  finite  value  this  shows 
that  the  superconductivity  onset  is  much  above  Tc.  The  fact 
that  the  temperature  at  which  N  vanishes  seems  to  increase 
from  90  to  95K  when  the  field  increases,  points  out  to  the 


Fig  3.  Variation  of  the  mixed  state  temperature  interval  as  a 
function  of  the  field  strength  for  different  samples  as 
measured  from  Nernst  data.  Lines  are  guides  to  the  eye  only. 

influence  of  superconductivity  fluctuation  contributions,  and 
show  that  they  exist  quite  above  Tc  in  such  anisotropic 
systems.  The  case  is  well  seen  in  Fig.  8  of  ref.  7  for  the  PB 
sample.  Similarly  to  the  electrical  resistivity  and 
thermoelectric  power  data,  the  Nernst  effect  exhibits 
differences  concerning  the  magnitude  and  behavior  of  the 
transition  temperature  interval  in  a  field.  This  is 
demonstrated  for  various  samples  in  Fig.3. 

The  range  of  finite  Nernst  signal  approximately  coincides 
with  the  temperature  interval  where  the  electrical  resistivity 
is  finite.  In  the  mixed  state  the  Nernst  voltage  is  thought  to  be 
a  direct  evidence  of  vortex  motion  resulting  from  the 
Josephson  -  Lorentz  relation,  E  =  -  (v  x  B),  where  v  is  the 
vortex  velocity.  In  so  doing  it  is  often  thought  that  the  Nernst 
coefficient  is  related  to  the  vortex  transport  entropy  Sf  (Table 
I)  by  N  =  ST  /Or»B  where  <D0  is  the  flax  quantum.  An 
important  assumption  in  this  respect  is  that  the  electrical 
resistivity  p(T)  in  the  mixed  state  is  solely  due  to  the  vortex 
motion  dissipation.  Since  the  magnetic  field  is  present  in  the 
vortex  cores  with  a  superconducting  surrounding  and  the  core 
states  can  be  excited,  this  transport  entropy  might  be 
overestimated  in  so  doing.  A  correct  theory  should  consider 
the  contribution  to  heat  flow  performed  by  the  excitations 
within  vortices  as  well.  In  fact  a  difference  with  respect  to 
standard  arguments  unexpectedly  occurs  in  the  decay  of  the 
entropy  S,  behavior  just  below  Tc  and  reinforces  our  warning 
The  decay  is  found  to  be  smoother  than  expected  [7,8], 
Nevertheless,  assuming  here  that  there  is  no  contribution 
from  quasi  particle  dissipation,  the  energy  U(T)  transported 
by  vortices  can  be  calculated.  U(T)  grows  with  magnetic  field 
in  the  examined  field  range.  Moreover,  extrapolation  of  U(T) 
plots  allowed  us  to  determine  the  temperature  dependence  of 
the  second  critical  field  BC2(T)  as  displayed  in  Fig.  4. 
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TABLE  I.  Physical  parameters  deduced  from  magnetotransport  data  on  various  Bi-based  superconducting  samples  as  defined 
in  the  text:  p  =  hole  concentration;  S,^  =  maximum  transport  entropy;  koL  ■  Ginzburg  -  Landau  parameter,  q  =  coherence 
length  at  zero  temperature  and  zero  field;  Ft  =  thermal  force  per  unit  length  at  (indicated  temperature,  in  K);  r\  =  vortex 
viscous  damping  coefficient  determined  at  (same  temperature  as  Ft).  When  appropriate,  it  should  be  understood  that  the  values 
are  given  for  the  4T  case. 
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Notice  that  from  the  behavior  of  N,  and  the  above  analysis, 
it  can  be  argued  that  a  finite  Bc2  value  might  exist  above 
Tc,  and  likely  up  to  the  true  onset  temperature.  The  "fine 
structure  sometimes  observed  below  T0  in  the  Nemst  signal 
and  thought  to  be  due  to  structural  and  chemical 
inhomogeneities  [17]  might  also  be  reexamined  in  light  of 
ideas  on  the  vortex  lattice  melting  transition  [17]. 

We  should  note  that  contrary  to  TEP,  the  Nemst  effect  is 
independent  of  the  charge  carrier  sign,  and  should  be  a 
positive  /  negative  function  (as  it  is  most  of  the  time)  if  the 
relaxation  process  is  only  a  decreasing  /  increasing 
function  of  energy  [2].  Therefore  the  mere  sign  of  the 
Nemst  effect  is  a  key  ingredient  for  understanding 
microscopic  scattering  processes  and  dissipation 
phenomena  in  HTSC. 


Fig.  4.  Variation  of  the  upper  critical  field  Bc2  as  a 
function  of  temperature  as  deduced  from  vortex  entropy 
data.  Lines  are  guides  to  the  eye  only. 

Transport  entropy  and  upper  critical  field 

The  heat  transported  by  normal  excitations  present  in 
vortex  cores  embedded  in  the  superconducting  matrix  is 
accounted  for  by  the  transport  entropy  calculated  from  the 
Nemst  and  resistivity  data  as 

S,(T)  =  d>0  N  B/p  (2) 


S,  sets  on  below  the  transition  when  a  magnetic  field  starts 
to  penetrate,  then  passes  through  a  maximum  and  decays 
at  lower  temperature  due  to  vortex  pinning  [1-4]. 

At  various  external  magnetic  fields  the  S,  curves  cross  the 
temperature  axis  revealing  thus  the  high  temperature 
behavior  of  Bc2  plotted  in  Fig.  4. 

Ginzburg-Landau  parameter  and  penetration  depth 

To  determine  the  Ginzburg  -  Landau  parameter  koL  we 
used 

koL  =  [(Oo  /9.28  n)  (dBc2  /dT)/(dU  /dT)]1/2  (3) 

This  in  turn  allowed  us  to  calculate  the  coherence  length  q 
using  the  penetration  depth  values  X  taken  from  literature 
[1,5].  The  koL  and  %  values  (Table  I)  determined  from 
transport  data  reported  for  various  Bi  -  based  HTSC  are  in 
agreement  with  values  inferred  from  magnetic 
measurements. 

Thermal  Hall  angle  and  thermal  force 

In  the  case  of  a  thermal  current  in  the  mixed  state  of 
HTSC  it  can  be  shown  that  the  balance  of  forces  leads  to  a 
much  larger  transverse  voltage  than  the  thermal  one.  One 
usually  defines  the  thermal  Hall  angle  like  in  the  electrical 
case,  i.e.  by  the  ratio  between  the  transverse  and 
longitudinal  voltages.  The  magnetic  field  dependent 
Seebeck  and  Nemst  effects  allow  us  to  determine  the 
thermal  Hall  angle 

a  =  arctan(NB/Q)  (4) 

between  the  vortex  velocity  and  the  magnetic  field 
[1,7,21].  In  the  range  close  to  the  transition  temperature 
and  due  to  the  relatively  weak  thermal  force  F,  =  -  S,  VT, 
vortices  move  almost  exactly  along  the  direction  of  the 
magnetic  field,  as  shown  by  the  nearly  zero  a  values  for  the 
case  of  the  single  crystal  2212  sample  [10],  The  thermal 
force  (Table  I)  increases  at  lower  temperatures  and  causes 
the  vortex  velocity  vector  to  approach  the  thermal  gradient 
direction  when  a  =  90°.  The  magneto  transport  data  enable 
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us  to  estimate  absolute  values  of  the  thermal  force  F, 
experienced  by  the  unit  length  of  vortices.  Such  a  force  is 
of  the  order  of  10'12  N/m  just  below  Te.  In  Tab.  I  we  also 
list  the  value  of  the  so  called  "vortex  viscous  damping 
coefficient"  defined  by  [22]  as 

r\  =  Bc2  O0/  p  (5) 

The  T|  values  for  Bi  -  based  HTSC  are  of  the  order  of  10‘9 
Js/m3.  Due  to  a  lacking  data  for  Bi2223  materials  we  could 
compare  them  only  with  5  x  10°  Js/m3  for  the  Y123 
samples  but  at  the  temperature  as  low  as  3  K  [23], 

Conclusions 

The  electrical  and  thermoelectrical  transport  studies  of 
HTSC  provide  valuable  experimental  data  for  testing 
superconductivity  models.  The  case  of  Bi  based  HTSC  was 
summarized  here  for  the  finite  magnetic  field  case. 
Similarities  and  differences  in  several  data  sets  were 
briefly  discussed.  These  properties  and  the  derived 
parameters  in  fact  allow  to  perform  quick  characterization 
of  superconducting  materials,  necessary  for  optimization  of 
the  production,  treatment  and  technological  processes. 
Moreover,  they  serve  to  raise  fundamental  questions  and 
automatically  request  new  data  to  be  collected  and  suggest 
better  data  analysis. 
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Abstract 

Solid  solutions  TiNiSn,_xMe'x  (Me'=Al,  Sb,  and  Bi)  and 
ZrNi,_xMe"xSn  (Me"=Cr,  Mn,  and  Cu)  with  MgAgAs 
structure  type  were  obtained  on  the  basis  of  the  TiNiSn  and 
ZrNiSn  semiconducting  compounds.  X-ray  analysis  was 
used  to  define  the  stability  range  of  the  solid  solutions. 
The  temperature  dependence  of  the  resistivity  and 
thermopower  showed  a  losses  of  semiconducting 
properties.  The  sign  of  thermopower  remains  negative  for 
all  solid  solutions. 

Introduction 

The  group  of  thermoelectric  materials  may  be  considerably 
expanded  by  the  stannide  compounds  with  the  MgAgAs 
structure  type.  Their  appropriate  electrokinetic  properties, 
high  melting  points,  and  a  simple  method  of  synthesis 
provide  with  ample  opportunity  to  use  these  materials  as  a 
thermoelectrics  but  MeNiSn  compounds  (Me=Ti,  Zr,  Hf) 
can  be  so  used  in  particular  [1-4].  The  stability  of  these 
phases  is  determined,  in  general,  by  the  electron 
concentration  (EC)  factor  that  is  equal  to  eight  electrons 
per  formula  unit  (8  el./f.u.)  [I],  EC  deviations  in  MeNiSn 
compounds  that  is  caused  by  partial  substitutions  of  the 
constituent  elements  may  provide  the  appearance  of  the 
materials  with  different  magnitudes  of  the  resistivity  (p) 
and  thermopower  (a).  In  this  way  we  can  also  to  reverse 
the  type  of  conductivity  [1,3,5].  The  stability  ranges  of 
TiNiSn, _xMe'x  (Me'=Al,  Sb,  and  Bi)  and  ZrNi,.xMe"xSn 
(Me"=Cr,  Mn,  and  Cu)  solid  solutions  were  investigated  in 
this  work  and  their  electrokinetic  properties  were 
measured. 

Experimental  Procedure 

Samples  of  nominal  compositions  were  prepared  by  arc¬ 
melting  of  the  pure  metals  (purity  of  the  constituents  is 
better  than  99.9%)  using  a  tungsten  electrode  under  a  high 
purity  argon  atmosphere.  The  ingots  were  homogenized  by 
annealing  at  1073  K  for  720  h  in  evacuated  quartz  tubes. 
The  phase  composition  of  the  samples  was  checked  by  X- 
ray  analysis.  The  electrical  resistivity  and  differential 
thermopower  relative  to  copper  were  measured  as 
described  in  [6]. 

Results  and  Discussion 

TiNiSn  and  TiNiSb  compounds  (MgAgAs  structure  type, 
Space  Group  F  4  3m)  give  rise  to  continuous  solid  solution 
because  these  compounds  have  the  same  crystal  structure 
type  and  the  difference  of  atomic  radii  of  Sn  and  Sb  is  not 
significant.  TiNiSn,.xAlx  and  TiNiSn ,.xBix  solid  solutions 
are  extended  up  to  x=0.3  and  x=0.1,  respectively  (Table  1). 
Insignificant  replacement  of  Sn  by  Sb  (x-0.05)  in  TiNiSn 


compound  gives  rise  to  losses  in  semiconducting  properties 
and  metallic  type  conductivity  shows  up  but  thermopower 
remains  negative.  TiNiSn09Bi0.i  alloy  has  the  similar 
electrokinetic  properties. 

TiNiSn, _XA1X  solid  solution  has  the  gradual  semiconductor- 
to-semimetal  transition  (Fig.  1). 


Fig.  1 :  Resistivity  (p)  and  thermopower  (a)  as  functions  of 
temperature  for  TiN iSn,.x A lx  solid  solution. 

Al  possesses  the  acceptor  properties  in  the  large  majority 
of  the  well-known  semiconductors.  Since  the  doping  of 
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Table  1 


The  characteristics  of  the  MgAgAs  structure  type  solid 
solution  alloys  at  293  K  _ _ _ 


Alloys 

composition 

a ,  nm 

p,  pQ-m 

pV/K 

TiNiSnn  qsAln  ns 

0.5922(2) 

57.1 

-100.0 

TiNiSno  90AI0 10 

0.5918(2) 

29.0 

-35.8 

TiNiSn0  80AI020 

0.5916(2) 

9.0 

-11.0 

TiNiSno  70AI0  30 

0.5913(2) 

2.0 

-6.0 

TiNiSno  gsSbo  05 

0.5921(1) 

2.2 

-78.1 

TiNiSno  goSbo  10 

0.5921(1) 

1.5 

-32.0 

TiNiSno  soSboso 

0.5922(8) 

3.3 

-12.0 

TiNiSno  7oSbo  30 

0.5923(1) 

0.7 

-20.5 

TiNiSno  6oSbo  40 

0.5925(5) 

0.7 

-15.6 

TiNiSno  5oSbo  50 

0.5928(2) 

1.4 

-15.6 

TiNiSno  4oSbo  60 

0.5929(6) 

1.0 

-8.0 

TiNiSno  mSbo  70 

0.5908(3) 

0.9 

-8.7 

TiNiSno  ioSbo  90 

0.5887(2) 

2.0 

-9.9 

TiNiSb 

0.5884(6) 

2.4 

-11.4 

TiNiSn0  9oBio  10 

0.5924(1) 

5.6 

-52.0 

ZrNi0  95C10  osSn 

0.6094(1) 

25.0 

-192.5 

ZrNi0  9oCr0  ioSn 

0.60952(9) 

35.2 

-66.3 

ZrNi0  8oCr0  2oSn 

0.60955(6) 

8.3 

-24.0 

ZrNi075Cr02sSn 

0.60968(6) 

5.1 

-14.8 

ZrNio  7oCr03oSn 

0.6097(1) 

3.3 

-5.9 

ZrNio  6oCr0  4oSn 

0.60981(7) 

2.3 

-4.5 

ZrNio  9sMno.os5n 

0.6093(1) 

84.5 

-230.0 

ZrNio  9oMn0  ioSn 

0.60944(8) 

68.0 

-137.6 

ZrNio  aoMno  2oSn 

0.60953(9) 

26.0 

-117.5 

ZrNio  7sMn025Sn 

0.6096(1) 

31.2 

-45.8 

ZrNio  7oMn0?oSn 

0.60968(6) 

. 

-45.4 

ZrN  io  6oMn0  4oSn 

0.60966(7) 

22.6 

-31.6 

ZrN  io  5  oM  n05oSn 

0.60971(9) 

15.3 

-13.3 

ZrNio  gsCuoosSn 

0.6102(3) 

5.2 

-78.5 

ZrNio  9nCuo  ioSn 

0.6109(2) 

3.7 

-58.0 

Fig.  2:  Resistivity  (p)  and  thermopower  (a)  as  functions  of 
temperature  for  ZrNii_xCrxSn  solid  solution. 

TiNiSn  by  A1  results  the  increase  of  EC  we  have  expected 
a  p-type  of  conductivity  as  it  took  place  when  Ni  by  Co 
substitutions  carried  out  in  ZrNiSn  and  HfNiSn  compounds 
[3,5].  But  in  this  case  the  sign  of  the  thermopower  does  not 
reverse  (Fig.  1).  It  may  be  supposed  that  Al  atoms 
substitution  is  only  partial  for  some  Sn  atoms  in 
corresponding  positions.  It  is  also  possible  to  suppose  that 
Al  atoms  occupies  the  appropriate  structure  vacancies  and 
thus  Al  impurity  acquires  the  donor  properties  in  this  solid 
solution.  An  additional  refined  studies  of  the  crystal 
structure  are  required  for  the  verification  of  these 
assumptions. 

Doping  of  ZrNiSn  compound  with  Cr,  Mn,  and  Cu  gives 
rise  to  solid  solutions.  The  gomogeneity  range  of  these 
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Fig.  3:  Resistivity  (p)  and  thermopower  (a)  as  functions  of 
temperature  for  ZrNi|_xMnxSn  solid  solution. 

solid  solutions  depends  on  the  kind  of  doping  elements. 
ZrNi]_xMnxSn  and  ZrNi,.xCrxSn  solid  solutions  range  up  to 
x=K).5  and  x^O.4,  respectively.  ZrNi]_xCuxSn  solid  solution 
has  a  considerably  smaller  homogeneity  range  (up  to 
x=0.1).  A  small  variance  of  the  lattice  parameters  (a)  is 
observed  (Table  1)  because  the  difference  of  atomic  radii 
of  Ni  and  doping  elements  is  insignificant.  It  is  known  that 
ZrNiSn  compound  is  a  narrow-gap  n-type  semiconductor 
characterized  by  EC-8  el./f.u.  Doping  of  ZrNiSn 
compound  with  some  elements  that  cause  EC  variance 
gives  losses  in  semiconducting  properties  [3,7,8],  If 
ZrNiSn  phase  is  doping  with  Cr,  Mn,  and  Cu  the  number  of 
the  valent  electrons  in  conduction  band  increases  and 
thermopower  remains  negative.  Different  kinds  of  p(T) 


Fig.  4:  Resistivity  (p)  and  thermopower  (a)  as  functions  of 
temperature  for  ZrNii_xCuxSn  solid  solution. 

dependencies  of  alloys  (Fig.  1-4)  with  various  doping 
metals  may  be  explained  by  various  location  degree  of 
valent  electrons  of  these  doping  elements. 

Conclusions 

Homogeneity  ranges  of  solid  solutions  based  on  TiNiSn 
and  ZrNiSn  compounds  are  depended  on  electronic 
structure  and  atomic  radii  of  doping  elements.  The 
replacements  of  Sn  atoms  by  Al,  Sb,  or  Bi  atoms  in 
TiNiSn  compound  and  the  replacements  of  Ni  atoms  by  Cr, 
Mn,  or  Cu  atoms  in  ZrNiSn  compound  give  losses  in 
semiconducting  properties.  Doping  of  TiNiSn  and  ZrNiSn 
phases  in  this  case  do  not  reverse  a  type  of  conductivity. 
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Abstract 

We  have  measured  the  resistivity  p(T)  and  the  thermoelectric 
power  S(T)  in  the  metallic  glass  system 
Nii_xPx,  with  0.10<x<0.25.S(T)  increases  with  increasing 
phosphorus  concentration  and  changes  sign,  becoming 
positive  above  x=0.18.  The  S(T)  is  not  linear  over  the  entire 
measured  temperature  range  for  any  of  the  samples.  The 
samples  with  lowest  x  (x=0.142,  0.171)  have  negative  S(T) 
with  large  positive  curvatures  which  produce  broad  minima 
in  S(T).  This  is  also  the  ferromagnetic  range  of  composition. 
Samples  of  intermediate-phosphorus  content  (x=0.176,  0.180) 
have  small  S(T)  with  both  positive  and  negative  curvatures  in 
different  temperature  ranges.  These  compositions  are  near  the 
transition  from  ferromagnetic  to  paramagnetic  behaviour. 
Samples  with  large  x  (x=0.197,  0.200,  0.214,  0.220  and 
0.245)  have  positive  S(T)  with  negative  curvatures.  In  this 
range  of  compositions  S(T)  fits  a  power  law  in  T,  S(T)  = 
CTb 

We  find  that  as  x  increases,  p  increases,  a  [a=(l/p)dp/dT] 
decreases  and  becomes  negative,  and  S  increases  and 
becomes  positive  near  x=0.18.  These  results  agree  with  the 
Mooiji  correlation  and  with  a  correlation  of  S  >0  with  high  p 
and  S<0  with  low  p,  which  is  also  seen  in  many  nonmagnetic 
metallic  glasses.  Thus  theNii.xPx  system  spans  the  range  of 
behaviour  seen  in  many  different  metallic  glasses.  For  x< 
0.175,  p(T)  and  S(T)  are  very  similar  to  those  seen  in  iron- 
based  ferromagnetic  glasses.  The  only  clear  difference 
between  the  transport  properties  of  samples  prepared  by  melt 
quenching  and  chemical  deposition  is  in  the  temperature 
dependence  of  a.  We  compare  our  results  with  several 
theories  for  electron  scattering. 


Introduction 

The  larger  the  magnitude  of  p  the  more  negative  is  the 
temperature  coefficient  of  resistivity,  a=(l/p)dp/dT.  In 
contrast,  resistivities  of  normal  crystalline  metals  are  usually 
smaller  and  increase  rapidly  with  increasing  temperature. 
This  dependence  in  metallic  glasses  of  a  on  the  magnitude  of 
p  is  an  example  of  a  general  trend  diccovered  by  Mooij  [1]. 
By  looking  at  a  variety  of  metallic  systems  Mooij  found  that  a 
was  lower  in  systems  of  higher  p;  in  particular,  most  systems 
with  p<150p£>cm  have  a  positive  a  and  those  with 
p>150|iQ®cm  have  a  negative  a.  A  correlation  is  seen 
between  the  sign  of  the  thermoelectric  power  and  the  sign  of 
the  temperature  coefficient  of  resistivity  (  or  the  magnitude 
of  p )  in  nonmagnetic  metallic  glasses.  The  glasses  mentioned 


above  all  have  p>150pI2*cm,  ot<0,  and  positive  S.  The 
correlation  of  positive  S  with  high  p  and  negative  S  with  low 
p  is  very  similar  to  the  Mooij  correlation  exhibited  by  these 
same  glasses.There  has  been  little  systematic  investigation  of 
the  thermoelectric  power,  however.  The  purpose  of  this  paper 
is  to  report  a  measurement  of  S(T)  in  a  single  metallic  glass 
system  ,  Nii_xPx .  By  varying  the  composition  in  this  alloy  the 
resistivity  can  be  varied  from  100  to  170pf2«cm  [2]  (  thus 
spanning  the  value  150p£2*cm,  the  resistivity  which  appears 
as  the  crossover  point  in  the  Mooij  correlation).  At  the  same 
time,  a  is  positive  at  the  lowest  resistivities  and  decreases  and 
becomes  negative  as  the  resistivity  is  increased.  Therefore,  we 
can  observe  S  in  a  single  system  which  spans  the  range  of 
behavior  of  the  resistivity  in  nonmagnetic  metallic  glasses. 


Background 

Several  scattering  mechanisms  have  been  proposed  to  explain 
the  negative  values  of  a  found  at  all  temperatures  in  metallic 
glasses:-  scattering  from  structural  disorder,  the  Ziman 
theory;-  Mott  s-d  scattering;-  scattering  from  structural  two- 
lewel  systems  ;-  theories  of  incipient  localization. 

By  assuming  independent  atomic  vibrations,  the  resistivity  as 
a  function  of  temperature  for  such  a  glass  is  approximately 

[3] 


me  kfEFW 


Here  kF  and  EF  are  the  Fermi  wave  vector  and  energy,  D.  is 
the  atomic  volume,  rj2(EF)  is  the  d-wave  phase  shift,  So(k)  is 
the  static  structure  factor  at  temperature  T=0,  and  W(T)  is  th 
Debye  -Waller  exponent  at  temperature  T. 

Mott  s-d  scattering  assumes  that  the  electrons  near  the  Fermi 
surface  can  be  divided  into  two  groups  with  very  different 
mobilities[4].  The  more  mobile  s  or  p  carriers  are  strongly 
scattered  into  the  less  mobile  d  holes  at  the  Fermi  surface. 
The  resistivity  which  is  dominated  by  this  scattering  process 
is  proportional  to  the  number  of  such  holes,  i.e.,  to  Nd(EF), 
the  density  of  d  states  at  the  Fermi  energy.  In  metals  with 
partially  full  d  bands  Nd(E)  changes  rapidly  at  EF  and  p 
decreases  with  increasing  temperature  due  to  the  thermal 
broadening  of  the  electron  distribution  and  the  motion  of  the 
chemical  potential.  With  the  use  of  a  simplified  model  where 
p(E)ocNd(E)  and  the  density  of  states  does  not  change  with 
temperature,  the  resistivity  in  this  theory  is  [5] 
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If  we  assume  for  simplicity  that  the  d  band  is  nearly  full  and 
that  Na  (e)  =  cJ(e0-E)  (with  EF<0),  then 


reguired  to  make  the  temperature  coefficient  of  resistivity 
negative  and  the  resistivity  large. 

The  alloys  Nii.xPx  provide  a  single-alloy  system  in  which  the 
resistivity  regime.  At  the  same  time,  a  is  positive  when  p  is 
low  and  decreases  with  increasing  p.  The  thermoelectric 
power  of  one  sample  has  been  measured  previously 
(Ni0,76Po,24)  and  a  positive  linear  S(T)  was  found  from  77,36K 
to  room  temperature  [8]. 


p(T)  =  p(o)^l-^(kBT)2(Eo-EFr 


Brouers  and  Brauwers  [6]  have  considered  the  possibility  that 
Nd(E)  does  depend  on  temperature  and  found  that  there  is  a 
significant  smearing  out  of  Nd(E)  with  increasing 
temperature.  Aside  from  the  effects  of  the  thermal  broadening 
of  the  electron  distribution,  this  modification  of  Nd(E)  and  the 
shift  in  EF  which  is  cused  by  it  lead  to  a  contribution  to  the 
resistivity  which  can  either  increase  or  decrease  with 
temperature  in  a  manner  consistent  with  the  Mooij 
correlation. 

Each  of  these  theories  is  able  to  predict  a  decreasing 
resistivity  with  increasing  temperature.  In  order  to  distinguish 
between  them  another  transport  property  must  be  measured. 
The  thermoelectric  power  is  a  good  choice  because  it  is  very 
sensitive  to  electron  scattering  mechanisms.  In  simple 
theories  it  is  related  to  the  resistivity  by  the  Mott  formula 


.  We  briefly  describe  the 


predictions  for  S  for  each  of  the  scattering  mechanisms 
discussed  above.  The  thermoelectric  power  S(T)  in  the 

/  x  «*iTf  1  ^ 

Ziman  theory  is  [71  S(T)  =  -~n —  3-2q — r  , where  kB 

3|e|  ef  v  2  J 

is  the  Boltzmann  constant,  T  is  the  absolute  temperature,  and 

(2kp)|t(2kF)f 


2kF  r 

1  dk| 

o 


4(2kp)-Vs<k)|.(k)f 


-  .Here  t(k)  is  the  t  matrix 


describing  the  muffin-tin  potential.  The  quantity  r  in  the 
expression  for  S(T)  is  the  energy  dependence  of  the  t  matrix: 

T44(2kFrk>S(k)krd|,(k)f(dkF)-'l 

r  =  — - .Note  that 

I  dk|^4  (2kF)  4  k3  S(k) |t(k)|2 

S(T)  is  linear  in  temperature  and  can  be  either  positive  or 
negative  depending  on  the  magnitude  of  q.  When  2kF  «'\kp 
and  S(2kF)  is  large  then  q  is  large  and  the  thermoelecrtic 
power  is  positive.  The  condition  2kF  »  kp  is  also  what  is 


Method 

The  resistivity  of  the  samples  were  measured  by  the  four- 
probe  resistance  method.  The  overall  accuracy  in  the 
resistivity  measurement  is  ±1%.  The  temperature  dependence 
of  the  resistivity  was  measured  from  4,2...300K.  The  accuracy 
in  p(T)/  p(4,2K)  is  ±2*10‘5.  The  thermoelectric  power  was 
measured  relative  to  pure  Pb  from  4,2...500K.  The  integral 
method  was  used;  one  end  of  the  sample  was  kept  at  a 
constant  temperature  while  the  other  end  was  raised  in 
temperature.  The  derivative  of  the  voltage  measured  with 
respect  to  temperature  gives  the  relative  thermoelectric 
power.  The  absolute  thermoelectric  power  of  the  sample  is 
obtained  by  subtracting  the  absolute  thermoelectric  power  of 
the  Pb  standard  from  the  measured  relative  thermoelectric 
power.  Temperature  was  measured  by  copper-constantain 
thermocouples.  The  accuracy  in  S(T)  is  ±0,075pV/K. 


Results 

The  temperature  dependence  of  the  resistivity  p(T)/p(4,2K) 
for  each  sample  is  shown  in  Fig.  1.  With  increasing 
phosphorus  content  the  temperature  coefficient  of  resistivity 
a=(l/p)dp/dT  decreases  and  changes  sign,  becoming  negative 
near  x=0,23. 

For  each  chemically  deposited  sample,  a(T)  decreases  above 
T=80K,  but  for  each  melt  quenched  sample,  a(T)  increases 
above  T=80K. 

The  thermoelectric  power  S(T)  increases  which  increasing 
phosphorus  concentration  and  changes  sign,  becoming 
positive  above  x=0,18.  The  temperature  dependence  of  S  is 
not  linear  over  the  entire  measured  temperature  range  for  any 
of  the  samples.  The  samples  with  lowest  x  (x=0,143;  0,172) 
have  negative  S(T)  with  large  positive  curvatures  which 
produce  broad  minima  in  S(T)  .  This  is  also  the 
ferromagnetic  range  of  composition.  Samples  of  intermediate- 
phosphorus  content  (x=0,175;  0,181)  have  small  S(T)  with 
both  positive  and  negative  curvatures  in  different 
temperature  ranges.  These  compositions  are  near  the 
transition  from  ferromagnetic  to  paramagnetic  behavior. 
Samples  with  large  x  (x=0.197,  0.200,  0.214,  0.220  and 
0.245)  have  positive  S(T)  with  negative  curvatures.  In  this 
range  of  compositions  S(T)  fits  a  power  law  in  T,  S(T)  =  C  TB 
with  B=0,7. 


521 


16th  International  Conference  on  Thermoelectrics  (1997) 


p(T)/p(4.2K) 


Fig  1:  Resistivity  vs  temperature  for  each  Nii-xPx  sample 
normalized  to  the  sample's  resistivity  at  4.2  K. 


In  conclusion,  we  have  measured  the  temperature  dependence 
of  p  and  S  in  a  single  metallic  glass  system 
Ni].xPx.  We  find  that  as  x  increases  p  increases,  a  decreases 
and  becomes  negative,  and  S  increases  and  becomes  positive. 
These  results  are  in  agreement  with  correlations  between  p 
and  a  and  between  p  and  S  seen  in  many  metallic  glasses.  At 
low-phosphorus  concentrations,  x<0.18,  the  transport 
properties  are  similar  to  those  seen  in  iron-based  metallic 
glasses,  and  as  x  increases  above  0.18,  the  transport  behavior 
becomes  more  similar  to  what  is  seen  in  nonmagnetic 
metallic  glasses.  The  dependence  on  x  of  p,  a,  and  the  size  of 
S  are  qualitatively  consistent  with  the  Ziman  theory  although 
it  seems  probable  that  other  scattering  mechanisms,  such  as  s- 
d  scattering,  are  important  in  the  samples  with  low  P 
concentration.  There  is  a  clear  effect  of  the  preparation 
technique  on  the  transport  properties  only  in  the  temperature 
dependence  of  a. 
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Abstract 

A  transition-metal  oxide  NaCo204  system  has  been  synthesized 
by  a  standard  solid-state  reaction  method,  and  the  thermoelectric 
properties  have  been  measured.  The  resistivity  p  and  the 
thermoelectric  power  a  of  the  as-sintered  NaCo204  is  2  mQcm 
and  100  pV/K  at  room  temperature,  respectively.  By  hot-pressing, 
the  electrical  resistivity  is  reduced  to  about  60%,  and  by  Ba-  or 
Bi-substitution  for  Na,  Cu-  or  Bi-substitution  for  Co,  the 
thermoelectric  power  is  enhanced  up  to  1.4  times.  For  all  the 
samples,  the  figure-of-merit  shows  a  flat  temperature  dependence 
over  a  wide  range  from  100  to  400“C,  and  in  the  hot-pressed 
Na(Co095Cu005)2O4,  the  maximum  value  of  0.88  X  lO^K1  is 
achieved  around  300°C,  with  p=2  mOcm,  a=147  pV/K,  and  the 
thermal  conductivity  k=1.3  W/mK.  In  spite  of  a  low  carrier 
mobility  material,  NaCo204  system  shows  good  thermoelectric 
performance.  This  indicates  a  possibility  of  applying  low-mobility 
materials  to  thermoelectric  devices,  and  thus  NaCo204  system  will 
be  a  prospective  candidate  for  thermoelectric  materials. 

Introduction 

Today,  thermoelectric  energy  conversion  is  of  great  interest  in 
terms  of  making  best  use  of  energy.  However,  the  low  conversion 
efficiency  severely  restricts  the  application  of  thermoelectric 
materials  to  the  thermoelectric  power  generation.  Although 
extensive  studies  have  been  made  on  searching  thermoelectric 
materials  with  high  figure-of-merit,  only  a  few  thermoelectric 
materials  such  as  Bi2Te3,  PbTe  and  SiGe  systems  have  been 
applied  to  thermoelectric  devices[l-3]. 

Most  of  the  studies  for  thermoelectric  materials  have  been 
concentrated  on  conventional  semiconductors  whose  transport 
mechanism  is  well  described  by  a  conventional  band  theory,  and 
most  of  the  common  thermoelectric  materials  belong  to  this 
category.  Recently,  a  new  approach  to  the  research  for 
thermoelectric  materials,  i.e.  investigation  of  unconventional 
semiconductors  or  metals,  has  been  tried[4-7,  9].  For  example, 
strongly  correlated  systems  which  are  not  well  described  by  the 
conventional  band  theory,  such  as  heavy  fermion  compounds [4, 
5]  or  3d  transition  metal  oxides[6,  7,  9],  are  expected  to  be 
candidate  compounds.  Heavy  fermion  compounds  have  lOMO3 
times  larger  effevtive  mass  than  ordinary  metals,  and  show 
enhanced  thermoelectric  power  compared  to  the  ordinary 
metals[8].  For  3d  transition  metal  oxides,  for  example,  high- 
temperature  superconductors  have  been  studied  as  thermoelectric 
materials [7, 9].  Among  many  superconducting  cuprates,  x(Ba, 
Sr)xCu04  system  is  the  most  hopeful  candidate  with  a  figure-of- 
merit  larger  than  lO-4  K’‘[9].  Thus  investigation  of  strongly- 
correlated  systems  as  thermoelectric  materials  is  a  promising  way 
to  discover  new  thermoelectric  materials. 

From  the  above  viewpoint,  NaCo204  is  an  interesting  material. 


NaCo204  is  a  rather  old  material,  which  was  first  identified  by 
Jansen  and  HoppeflO].  As  shown  in  Fig.  1,  this  material  has  a 
bronze-type  layered  structure^  1].  Co02  sheets  of  edge-sharing 
Co06  octahedra  are  stacked  along  the  c-axis,  while  Na  ions 
occupancy  50%  of  the  regular  sites  located  between  the  Co02 
sheets.  The  preliminary  studies  of  NaCo204  were  mainly 
concerned  with  the  material  syntheses  and  the  structure  analyses, 
and  the  transport  properties  recieved  little  scientific  attention  at 
that  time.  Recently,  Tanaka,  Nakamura,  and  Iida  have  found  that 
polycrystalline  NaCo204  is  a  good  metal  down  to  4.2  K[12]. 
Motivated  by  their  study,  Terasaki,  Sasago,  and  Uchinokura  have 
studied  the  transport  properties  of  single-crystal  NaCo204  as  a 
reference  material  for  high-Tc  superconductors,  and  discovered 
that  the  in-plane  thermoelectric  power  is  as  large  as  100  pV/K  at 
300  K[13].  Considering  the  low  in-plane  resistivity  (200  pOcm 
at  300  K),  they  pointed  out  that  NaCo204  is  a  potential 
thermoelectric  material  13]. 

In  the  present  paper,  we  report  the  preparation  and  the 
thermoelectric  properties  of  NaCo204  system  which  shows 


•  Co 


c=16.4A 

Fig.  1.  Crystal  structure  of  NaCo204.  50%  of  Na  sites  are 
randomly  occupied.  Only  one  Na  layer  is  shown  in  the 
figure. 
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preferable  thermoelectric  performance.  Substitution  of  some  kinds 
of  elements  for  Na  or  Co,  improves  the  thermoelectric  properties, 
and  the  results  for  the  substitution  are  also  reported. 

Experimental 

Poly  crystalline  NaCo204  were  prepared  by  cold-pressing  and 
hot-pressing  methods.  In  both  the  preparation  methods,  fine 
Na2C03  and  Co304  powders  were  used  as  starting  materials.  The 
well-mixed  powder  was  pressed  into  pellets  and  calcined  at  860*C 
for  12  h.  The  calcined  pellets  were  ground  into  powder,  and  the 
powder  was  pressed  into  a  disk  and  sintered  at  800  C  for  12  h  in 
air.  For  the  hot-pressed  sample,  the  sintered  disk  was  further 
fired  under  a  pressure  of  255  kg/cm2  at  800  C  for  2  h.  The  effects 
of  partial  substitution  were  also  studied.  The  substitution  was 
done  by  5  at.%  each;Ba  or  Bi  for  Na,  Mn  or  Cu  for  Co.  These 
samples  were  prepared  under  the  sample  conditions  as  those  for 
the  non-substituted  sample. 

The  crystal  structures  of  the  prepared  samples  were  characterized 
by  powder  X-ray  diffraction  (XRD)  using  CuKa-radiation.  In 
order  to  measure  the  transport  properties,  the  samples  were  cut 
into  rectangular  shaped  specimens  of  1  X  3  X  20  mm3.  The 
electrical  resistivity  was  measured  by  the  conventional  four-probe 
method  in  a  temperature  range  from  room  temperature  to  400°C, 
and  the  thermoelectric  power  was  estimated  from  the  thermo- 
electromotive  force  between  two  pairs  of  chromel-alumel 
thermocouples  under  a  temperature  gradient  of  about  4K.  The 
thermal  conductivity  was  calculated  from  the  thermal  diffusivity 
and  the  specific  heat  measured  by  the  laser  flash  method. 

Results  and  discussion 

The  XRD  patterns  for  the  as-sintered  and  the  hot-pressed 
NaCo204  are  given  in  Fig.  2.  For  both  the  patterns,  all  the  intensity 
peaks  are  assigned  to  NaCo204  structure  without  any  impurity 
phases.  Only  the  difference  between  these  patterns  is  that  the 
hot-pressed  sample  shows  sharper  peaks  than  the  as-sintered 
sample,  indicating  that  the  hot-pressing  process  improves  the 
crystallinity  of  the  sample. 

Figures  3(a)  and  3(b)  show  the  temperature  dependence  of  the 
resistivity  p  and  the  thermoelectric  power  a,  respectively,  for  the 
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Fig.  2.  XRD  patterns  for  the  as-sintered  and  the  hot- 
pressed  NaCo204.  All  the  peaks  are  assigned  to  the 
structure  of  NaCo204. 


as-sintered  and  the  hot-pressed  NaCo204.  Both  the  samples  show 
a  metallic  temperature  dependence  of  the  resistivity,  and  the 
curvatures  of  the  p-T  curves  are  negative.  The  magnitude  of  p 
for  the  as-sintered  sample  is  about  2  mftcm  at  room  temperature, 
and  by  means  of  hot-pressing,  we  have  successfully  reduce  the 
resistivity  down  to  about  1.1  m£2cm  at  room  temperature.  It  has 
been  reported  that  NaCo204  has  an  anisotropy  in  the  resistivity, 
and  for  the  single  crystal,  the  magnitude  of  the  in-plane  resistivity 
pab  is  200  jiQcm  at  room  temperature,  which  is  one  order  of 
magnitude  smaller  than  that  of  the  out-of-plane  resistivity  pc[13]. 
In  the  present  case,  our  samples  are  polycrystalline  and  the 
resistivity  is  a  mixture  of  pab  and  pc.  Thus  the  magnitude  of  the 
resistivity  for  the  present  samples  are  reasonably  higher  than  that 
of  p^  for  the  single  crystal. 

On  the  other  hand,  the  magnitude  of  a  for  the  present  samples 
are  about  100  gV/K  at  room  temperature,  and  this  value  is  almost 
the  same  as  that  of  the  single  crystal.  Moreover,  the  magnitude 
and  the  temperature  dependence  of  oc  is  identical  between  the  as- 
sintered  and  the  hot-pressed  samples  since  the  thermoelectric 
power  is  hardly  affected  by  the  crystallinity  and  the  grain 
boundary.  Using  the  data  of  Hall  coefficient  for  the  NaCo204 
single  crystal,  which  have  been  already  reported  [13],  the  carrier 
density  n  is  estimated  as  ~1021  cm'3,  and  thus  NaCo204  is 
considered  as  a  metal.  However,  as  compared  with  other  metals 
or  metallic  compounds  whose  a  are  about  several  jiV/K,  a  of 
NaCo204  is  one  order  of  magnitude  larger,  suggesting  that  the 
transport  properties  of  NaCo204  cannot  be  explained  by  the 
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Figs.  3.  Temperature  dependence  of  the  resistivity  (a) 
and  the  thermoelectric  power  (b)  for  the  as-sintered  and 
the  hot-pressed  NaCo204. 
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Fig.  4.  Temperature  dependence  of  the  thermal  conductiviy 
for  the  as-sintered  and  the  hot-pressed  NaCo204.  The  solid 
lines  are  guides  for  the  eyes. 

conventional  theory.  Although  the  origin  of  the  large  a  has  not 
been  explained  clearly,  a  possibility  that  the  large  a  would  come 
from  spin  fluctuation  as  in  the  heavy  fermion  system  or  the 
valence-fluctuation  system  has  been  suggested[13]. 

Thermal  conductivity  measurements  for  NaCo204  show  an 
intriguing  result  as  the  thermoelectric  power  measurements. 
Temperature  dependences  of  thermal  conductivity  k  for  the  as- 
sintered  and  the  hot-pressed  NaCo204  are  shown  in  Fig.  4.  For 
the  as-sintered  sample,  the  magnitude  of  k  is  -  1.5  W/mK  at  room 
temperature,  and  this  value  is  as  low  as  a  typical  value  of  the 
Bi2Te3  system.  It  has  been  generally  accepted  that  compounds 
constituted  of  heavy  elements,  such  as  Bi  or  Te,  exhibit  low 
melting  points  and  low  thermal  conductivity,  whereas  solid 
compounds  with  high  melting  points  show  high  thermal 
conductivity.  NaCo204  is  constituted  of  light  elements  such  as 
Na,  Co,  and  oxygen,  and  thus  it  is  expected  that  NaCo204  would 
show  a  high  thermal  conductivity.  However,  NaCo204  shows 
low  k  as  Bi2Te3  system,  implying  that  the  lattice  thermal 
conductivity  is  extremely  low.  A  possible  reason  to  interpret  the 
extremely  low  thermal  conductivity  of  NaCo204  is  that  the 
randomly  occupying  Na  ions  work  as  scattering  centers  of  phonon, 
and  thus  the  phonon  mean  free  path  is  reduced.  The  magnitude 
of  k  for  the  hot-pressed  sample  is  about  30%  higher  than  that  of 
the  as-sintered  sample,  which  is  probably  due  to  the  increase  in 
density.  For  both  the  samples,  K  once  decreases  with  increasing 
temperature,  and  above  20CTC,  increases  monotonically  with 
temperature. 

The  figure-of-merit  Z=a2/pK  for  the  as-sintered  and  the  hot- 
pressed  NaCo204  are  estimated  from  the  measured  p,  a,  and  K, 
and  displayed  in  Fig.  5.  Both  the  samples  show  almost 
temperature-independent  Z,  coming  from  that  p,  a,  and  k  increase 
monotonically  with  temperature  above  200°C.  Reflecting  the  K  - 
T  curve,  Z  attains  the  maximum  value  of  0.4  X  10'3  K'1  near  2CKTC 
for  the  sintered  sample.  Note  that  the  magnitude  of  Z  for  the  hot- 
pressed  sample  is  about  30%  larger  than  that  of  the  as-sintered 
sample,  because  p  is  reduced  by  40%  while  K  is  increased  by 
30%  with  hot-pressing.  For  the  hot-pressed  sample,  the  maximum 
Z  of  0.55  X  10'3  K1  is  achieved  at  30CTC.  Although  this  value  is 
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Fig.  5.  Temperature  dependence  of  the  figure-of-merit 
for  the  as-sintered  and  the  hot-pressed  NaCo204.  The 
solid  lines  are  guides  for  the  eyes. 

not  so  high  as  those  of  other  thermoelectric  materials  such  as 
Bi2Te3  or  PbTe  system,  it  is  higher  than  those  of  other  oxides 
thermoelectric  materials  so  far  reported [6, 15]. 

We  turn  next  to  the  effects  of  the  partial  substitutionons  on  the 
thermoelectric  properties  for  NaCo204.  If  we  compare  p,  a,  and 
K  of  NaCo204  with  those  of  other  thermoelectric  materials, 
NaCo204  shows  comparably  low  p  and  K  whereas  the  magnitude 
of  a  for  NaCo204  is  about  half.  Therefore,  a  way  to  get  larger  Z 
is  to  increase  a  by  modifying  the  composition.  For  this  purpose, 
we  tried  to  substitue  some  kinds  of  elements  for  Na  or  Co. 

We  obtained  single-phase  (Na0  95Ba0  05)Co2O4  and 
Na(Co0  95Mn005)2O4.  However  in  the  XRD  patterns  for 
(Na095Bi005)Co2O4  and  Na(Co095Cu005)2O4,  there  were  some  peaks 
corresponding  to  raw  maretials  such  as  CuO  or  Bi203.  Figures 
6(a)  and  6(b)  display  the  temperature  dependence  of  p  and  a, 
respectively,  for  the  as-sintered  NaCo204,  (Na095Ba0  05)Co2O4, 

Na(C°0.95CU0.05)2O4-  Na(CO0.»5Mn0.05)2O4>  311(1  (Nao.95Bl0.05)CO  204‘ 

In  all  the  samples,  the  substitution  caused  an  increase  in  p,  and 
especially  for  (Na0  95BaQ05)Co2O4,  the  increase  in  p  was 
remarkable.  One  reason  for  the  remarkable  increase  in  p  for 
(NaQ95Ba005)Co2O4  may  be  a  randomness  induced  by  the  Ba- 
substitution  because  the  ionic  radius  of  Ba  is  exceedingly  larger 
than  that  of  Na.  a  was  also  enhanced  by  the  substitution,  especially 
in  Na(Co095Mn00J)2O4  and  (Na0  95Bi0  05)Co2O4.  However,  the 
increase  in  p  canceled  out  the  advantage  of  the  increasing  a,  and 
thus  the  power  factor  a2/p  increased  only  for  Na(Co095Cu0  05)2O4 
and  Na(Co095Mn00J)2O4. 

Next,  we  focus  on  the  effects  of  the  substitution  on  the  thermal 
conductivity  for  NaCo204.  It  has  been  generally  believed  that 
scattering  by  lattice  defects  or  phonons  reduces  the  phonon  mean 
free  path,  and  thus  substitution  of  heavy  elements  and  introduction 
of  impurities  induce  reduction  of  the  lattice  thermal  conductivity. 
Accordingly,  it  is  expected  that  substitution  of  some  kinds  of 
elements,  especially  heavy  elements  such  as  Ba,  leads  to  a 
reduction  of  K.  However,  amazingly,  the  substitutions,  except 
for  the  Cu-substitution,  brought  about  the  increase  in  k.  In  Fig.  7, 
k  is  plotted  as  a  function  of  temperature  for  the  above  mentioned 
samples.  Despite  the  big  difference  of  the  atomic  weight  between 
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Fig.  6.  Temperature  dependence  of  the  resistivity  (a) 
and  the  thermoelectric  power  (b)  for  the  as-sintered 
NaCo204  with  different  dopants.  Open  circles,  solid 
triangles,  solid  circles,  solid  diamonds,  and  solid  squares 
show  the  data  for  NaCo204,  (Na0  95Ba005)Co2O4, 
Na(Co0  95Cu0  05)2O4,  (Na0  95Bi0  05)Co2O4>  and 
Na(Co093Mn0  05)2O4,  respectively.  The  solid  lines  are 
guides  for  the  eyes. 


Fig.  7.  Temperature  dependence  of  the  thermal 
conductivity  for  the  as-sintered  NaCo204  with  different 
dopants.  Open  circles,  solid  circles,  solid  squares,  and 
solid  triangles  show  the  data  for  NaCo204, 
Na(Co0  95Cu0  05)2O4,  Na(Co0  95Mn0  05)2O4,  and 
(Na#95Ba005)Co2O4>  respectively.  The  solid  lines  are 
guides  for  the  eyes. 


Fig.  8.  Comparison  of  the  flgure-of-merit  for  NaCo204 
and  Na(Co095Cu005)2O4.  Open  squares,  open  circles,  solid 
squares,  and  solid  circles  correspond  to  the  data  for  the 
as-sintered  and  the  hot-pressed  NaCo204,  the  as-sintered 
and  the  hot-pressed  Na(Co0  95Cu0  05)2O4,  respectively.  The 
solid  lines  are  guides  for  the  eyes. 


Na  and  Ba,  k  of  (Na095Ba005)Co2O4  is  higer  than  that  of  NaCo204. 
Only  Na(Co095Cu005)2O4  exhibits  the  remarkable  reduction  of  k, 
and  the  value  of  ~1  W/mK  is  comparable  to  that  of  TAGS  system. 
Although  the  reason  for  the  increase  of  k  in  the  Ba-substitution  is 
not  clear,  it  would  be  related  to  the  origin  of  the  extremely  low  k 
for  the  non-substituted  NaCo204. 

Finally,  we  show  the  comparison  of  Z  for  the  as-sintered  and  the 
hot-pressed  NaCo204,  the  as-sintered  and  the  hot-pressed 
Na(Co095Cu005)  204  as  a  function  of  temperature  in  Fig.  8.  In  hot- 
pressed  Na(Co095Cu005)  204,  the  highest  Z  of  0.88  X  10'3  K’1  is 
achieved  around  300*C  with  p=2  mQcm,  (X=147  |xV/K,  and  k=1.3 
W/mK,  and  this  value  is  larger  than  that  of  SiGe  system.  Here  we 
comment  on  the  mobility  for  NaCo204  system.  Using  the  data  of 
the  transport  measurement  for  NaCo204  single  crystal,  the  mobility 
\i  has  been  estimated  to  be  about  13  cm2/Vs  at  room 
temperature[13].  This  value  is  almost  the  same  as  those  of  metals 
but  one  to  two  orders  of  magnitude  smaller  than  those  of 
semiconductors.  Judging  from  the  magnitude  of  p  for  the  single 
crystal  and  the  present  samples,  we  may  deduce  that  the  present 
samples  have  one  order  smaller  |i  than  the  NaCo204  single  crystal. 
According  to  the  conventional  semiconductor  theory[16], 
materials  with  high-Z  value  will  have  a  large  carrier  mobility, 
and  thus  low-mobility  materials  are  regarded  as  having  a  poor 
thermoelectric  capability  for  thermoelectric  devices.  However, 
NaCo204  system  exhibits  good  thermoelectric  performance  despite 
the  low  [1.  This  indicates  a  possibility  of  low  mobility  materials 
to  thermoelectric  applications.  The  investigation  of  the 
thermoelectric  NaCo204  system  is  just  at  the  beginning,  and  we 
hope  that  Z  will  be  improved  by  modifying  the  method  of 
preparation,  the  preparing  conditions,  and  the  selection  of  dopants. 

Conclusion 

We  have  synthesized  the  transition-metal  oxide  NaCo204  system 
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by  the  cold-pressing  and  the  hot-pressing  methods,  and  measured 
the  thermoelectric  properties.  The  hot-pressed  sample  shows  the 
lower  resistivity  and  the  larger  thermal  conductivity  than  the  as- 
sintered  sample.  Ba-,  Mn-,  Cu-,  and  Bi-substitutions  enhance  the 
thermoelectric  power,  and  thus  the  hot-pressed  Na(Co095Cu0  05)2O4 
shows  the  maximum  figure-of-merit  of  0.88  X  10'3K_I  around 
300  °C,  with  p=2  m£2cm,  a=147  )llV/K,  and  k=1.3  W/mK.  In 
spite  of  a  low  carrier  mobility  material,  NaCo204  system  shows 
good  thermoelectric  performance,  implying  that  research  on  the 
low  carrier  mobility  materials  may  be  a  promising  way  to  discover 
new  thermoelectric  materials.  It  is  expected  that  the  thermoelectric 
properties  of  NaCo204  can  be  improved  by  modifying  the  method 
of  preparation,  the  preparing  conditions,  and  the  selectin  of 
dopants,  and  thus  NaCo204  will  be  a  prospective  candidate  for 
thermoelectric  materials. 
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Abstract 

Small  crystals  of  YbAl3  compound  have  been  obtained  using  the 
Bridgman  or  a  direct  synthesis  method  and  subsequently  disc-shaped 
compacts  prepared  using  a  hot-pressing  technique.  The  Seebeck 
coefficient,  electrical  resistivity,  thermal  diffusivity  and  specific  heat 
capacity  were  measured  over  a  temperature  range  200-800  K. 
Although  the  thermal  conductivity  of  YbAl3  is  much  higher  than  that 
of  Bi2Te3  based  alloys,  YbAl3  possesses  an  electrical  power  factor 
which  is  more  than  doubling  those  of  Bi2Te3  based  alloys.  The 
thermoelectric  figure  of  merit  at  room  temperature  is  about  l.lxlO"3 
K-l,  which  is  only  a  third  of  Bi2Te3  based  thermoelectric  materials. 
However,  YbAl3  may  be  a  useful  material  for  electrical  power 
generation  using  waste  heat  with  its  substantially  large  electrical 
power  factor  providing  a  large  electrical  power  density. 

Introduction 

A  thermoelectric  energy  converter  is  a  unique  and  reliable 
heat  engine  in  which  the  electron  gas  serves  as  the  working 
fluid.  However,  its  more  wide-scale  application  has  been 
limited  by  its  relatively  low  energy  conversion  efficiency. 
Consequently,  research  effort  has  concentrated  on  improving 
its  performance  by  increasing  the  figure  of  merit  ZT=a2oT/A, 
of  thermocouple  materials,  where  a  is  the  Seebeck  coefficient, 
cr the  electrical  conductivity,  and  Z  thermal  conductivity,  T  the 
absolute  temperature;  a2 a  is  referred  to  as  the  electrical 
power  factor.  Currently  the  best  established  thermoelectric 
materials  possess  a  ZT  value  of  about  1 .  In  principle,  very 
large  a2a(> 50  x  10‘4  W/mK2)  may  not  be  necessary  to  obtain 
ZT>1  if  very  low  thermal  conductivity  can  be  achieved. 
However,  recent  studies  show  that  a  minimum  lattice  thermal 
conductivity  exists  which  limits  the  lowest  achievable  thermal 
conductivity  for  a  particular  material  [1].  Consequently,  the 
search  for  the  materials  with  large  electrical  power  factor 
provide  a  more  promising  alternative.  A  literature  survey  of 
electrical  power  factor  data  indicates  that  the  values  for 
established  thermoelectric  materials  are  around  40-50  x  10'4 
W/mK2,  with  BiUx  Sbx  an  exception  at  low  temperature  (-200 
x  1  O'4  W/mK2  at  50  K).  Recently  it  had  been  noted  [2]  that 
YbAlj  exhibits  a  very  large  electrical  power  factor  (-100x1 0‘4 
W/mK2  at  300  K),  although  its  thermal  conductivity  is 
expected  to  be  much  higher  than  those  of  Bi2Te3  based  alloys. 
In  the  present  study,  the  thermoelectric  properties  of  YbAl3  is 
investigated  experimentally  in  an  attempt  to  assess  its 
potential  as  a  thermoelectric  material  and  to  identify  possible 
avenues  for  further  improvement  of  the  thermoelectric  figure 
of  merit. 


of  “large”  specimens  of  pure  YbAl3  proved  difficult  due  to  the 
peritectic  nature  of  the  compounds  formation.  Although  large 
dimension  specimens  can  be  prepared  using  arc-melting 
technique,  materials  prepared  by  this  method  are  invariably  a 
mixture  of  YbAl2  and  YbAl,  with  different  proportion 
depending  on  the  starting  composition  and  preparation 
conditions. 

In  this  study  YbAl3  prepared  using  two  techniques.  The 
Bridgman  method  was  initially  used  in  an  attempt  to  grow 
crystalline  YbAl3  from  the  melt  with  a  composition 
Yb0 13A10  87.  The  ytterbium  and  aluminium  mixture  was  placed 
into  alumina  (A1203)  crucible  and  then  sealed  inside  quartz 
ampoule  under  vacuum.  Various  growth  conditions  have  been 
investigated.  The  best  result  obtained  to  date  was  a 
polycrystalline  ingot  of  YbAl3  which  consisted  of  small 
crystals  of  about  0.5  x  0.5  x  1.0  mm3  and  surrounded  by 
aluminium-rich  matrix.  Polycrystalline  YbAl3  compound  was 
also  prepared  by  direct  synthesis  in  an  alumina  crucible  at 
1050  K  from  the  elements  taken  in  the  proportion  Yb02Al0  8. 
The  initial  exothermal  reaction  of  aluminium  with  ytterbium 
resulted  in  a  mixture  of  solid  YbAl3,  YbAl2  and  Al-rich  liquid. 
The  continued  synthesis  encourages  the  further  reaction 
towards  YbAl2  +  A1  =  YbAl3.  As  a  result  two  phase  ingot 
(YbAlj  +  Al)  was  obtained. 

In  order  to  obtain  pure  YbAl3  compound,  it  is  necessary  to 
segregate  YbAl3  from  aluminium  and  a  number  of  techniques 
for  achieving  this  have  been  reported  [3],  The  chemical  nature 
of  aluminium  (i.e.,  it  can  be  dissolved  in  alkali  solution) 
makes  it  possible  to  remove  easily  the  aluminium  excess  from 
the  final  ingot  without  the  dissolution  of  YbAl3.  An  X-ray 
analysis  confirmed  that  the  resulting  powder-like  crystals  are 
pure  YbAl3  without  second  phase  and  possess  a  cubic  Cu3Au- 
type  structure.  The  Seebeck  coefficient  of  YbAl3  prepared 
both  by  Bridgman  and  by  direct  synthesis  methods  was  -75 
pV/K. 

Table  1  Hot-pressing  conditions  for  specimen  preparation 
(temperature  T,  pressure  P,  pressing  period  At)  and  the 
resultant  density  d.  HP- 16  and  26  were  prepared  using  the 
steel  die  set  and  HP- 17,  20  and  21  using  the  graphite  die  set. 


T(K) 

P  (MPa) 

At  (hrs.) 

d  (g/cm3) 

HP- 16 

823 

6.9 

6.5 

5.00 

HP- 17 

1000 

0.5 

1.5 

4.37 

HP-20 

923 

0.6 

4.0 

4.32 

HP-21 

823 

0.7 

1.0 

3.98 

HP-26 

873 

6.2 

6.5 

4.88 

Specimens  with  specific  geometries  are  usually  required  in  the  A  hot  pressing  technique  was  then  employed  to  prepare  disk- 

assessment  of  thermoelectric  properties  and  materials  with  shaped  compacts  of  about  6  mm  in  diameter  and  1.5  mm  t  ic 

relatively  large  dimension  (over  lxlxl  mm3)  are  usually  from  polycrystalline  powder  of  YbAl3.  Hot  pressing  was 

required  for  the  construction  of  thermoelements.  Preparation  carried  out  in  vacuum  (about  10  torr)  using  a  stee  or 
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graphite  die.  Typical  hot  pressing  parameters  for  a  number  of 
specimens  are  listed  in  the  table  1.  After  hot  pressing,  the 
specimens  were  placed  in  an  alumina  boat  and  annealed  in  a 
sealed  quartz  ampoule  at  1000  K  for  50  hours.  A  small 
quantity  of  aluminium  was  also  placed  inside  the  sealed 
ampoule  to  minimise  the  loss  of  aluminium  from  the  specimen 
surface  due  to  its  high  vapour  pressure  and  reaction  with 
quartz. 

The  Seebeck  coefficient  and  electrical  resistivity  as  a  function 
of  temperature  over  the  range  150-800  K  were  measured 
"simultaneously”  along  disc  plane  using  an  a-p  apparatus  [4]. 
The  thermal  diffusivity  as  a  function  of  temperature  over  the 
range  300-800  K  was  measured  perpendicular  to  the  disc 
plane  using  a  laser  flash  technique  [5].  YbAl3  possess  a  cubic 
structure  with  isotropic  transport  properties,  which  enable  its 
thermoelectric  properties  to  be  evaluated  using  data  obtained 
along  different  specimen  directions.  The  specific  heat  data 
was  measured  at  National  Physical  Laboratory,  UK.  All 
properties  were  measured  several  times  and  the  results 
presented  in  the  following  section  are  averaged  values. 


Results  and  discussions 

The  Seebeck  coefficient,  electrical  resistivity  and  thermal 
diffusivity  as  a  function  of  temperature  for  specimens  HP- 16, 
20,  21  and  26  are  shown  in  figure  1,  2  and  3,  respectively. 
Both  the  electrical  resistivity  and  thermal  diffusivity  increase 
with  increasing  temperature,  while  the  Seebeck  coefficient 
exhibit  a  maximum  value  of  about  -75  to  -85  jliV/K  at  a 
temperature  around  250  K.  YbAl3  is  reported  to  be  a  Kondo 
compound  and  its  relatively  large  Seebeck  coefficient  can  be 
explained  based  on  the  scattering  of  conduction  electrons  with 
magnetic  moments  [6,7].  However,  the  minimum  electrical 
resistivity,  which  is  a  typical  feature  of  Kondo  system,  was 
not  observed  in  this  study  over  the  temperature  range 
investigated. 


Temperature  (K) 


Figure  1.  Seebeck  coefficient  as  a  function  of  temperature  for 
different  density. 


Temperature  (K) 

Figure  2.  Electrical  resistivity  as  a  function  of  temperature  for 
different  density. 


Figure  3.  Thermal  diffusivity  as  a  function  of  temperature  for 
different  density. 

As  expected,  the  transport  properties  of  YbAl3  vary  with 
specimen  density.  Both  the  Seebeck  coefficient  and  electrical 
resistivity  increase  with  a  decrease  in  the  density,  while  the 
thermal  diffusivity  decreases.  The  dependence  of  specimen 
HP- 16  on  the  density  appears  less  clear.  This  may  be 
attributed  to  a  crack  in  the  specimen  observed  after 
thermoelectric  properties  assessment. 

In  figure  4  is  shown  the  electrical  power  factor  calculated 
using  data  from  figures  1  and  2.  The  power  factor  of  Bi2Te3 
based  alloys  is  also  included  as  a  dotted  line  for  comparison. 
The  electrical  power  factor  of  YbAl3  is  more  than  double  that 
of  Bi2Te3  based  materials.  To  date,  there  is  no  other  material 
which  possesses  such  a  large  electrical  power  factor  over  this 
temperature  range.  However,  YbAl3  is  an  intermetallic 
compound  which  is  expected  to  follow  the  Wiedemann-Franz- 
Lorenz  law  and  possesses  a  relatively  larger  thermal 
conductivity  than  Bi2Te3  based  alloys.  In  figure  5  is  presented 
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Figure  4.  Electrical  power  factor  as  a  function  of  temperature 
for  different  density. 


Figure  5.  Specific  heat  capacity  as  a  function  of  temperature 
for  specimen  HP- 17. 

the  specific  heat  capacity  as  a  function  of  temperature  for 
specimen  HP- 17.  It  remains  almost  constant  over  the 
temperature  range  250-750  K.  Since  the  specific  heat  capacity 
is  independent  of  the  density,  the  thermal  conductivity  of 
specimens  HP- 16,  20,  21  and  26  can  be  calculated  based  on 

the  data  obtained  from  specimen  HP-17  using  X  =  CpdX' 

(where  X  is  the  thermal  conductivity,  the  specific  heat 
capacity  and  X9  the  thermal  diffusivity).  The  results  are  shown 
in  figure  6.  The  increase  in  thermal  conductivity  with 
increasing  temperature  indicates  that  the  electronic 
contribution  is  mainly  responsible  for  the  total  thermal 
conductivity.  This  electronic  contribution  can  be  calculated 
using  the  Wiedemann-Franz-Lorenz  law:  Xe  =  L0oT 

(where,  a  is  the  electrical  conductivity,  T  the  absolute 
temperature  and  Lorenz  number  L0=2.45  x  10'8  V2/K2  ).  The 
solid  circles  shown  in  figure  6  represents  the  electronic 


component  of  the  thermal  conductivity  for  specimen  HP-26. 
Other  specimens  exhibit  similar  results  but  are  omitted  to 
simplify  the  graphs.  It  can  be  seen  that  the  thermal 
conductivity  values  calculated  using  the  Wiedemann-Franz- 
Lorenz  law  are  larger  than  that  obtained  from  thermal 
diffusivity  measurement.  This  result  indicates  that  the  Lorenz 
number  in  YbAl3  compound  may  be  smaller  than  the  classical 
value  L0.  However,  it  should  be  noted  that  the  thermal 
diffusivity  apparatus  has  been  calibrated  against  the  standard 
reference  materials  (pure  iron  and  stainless  steel)  using  the 
reference  data  reported  by  Touloukian  et.al.  [8],  which 
appears  to  be  inconsistent  with  those  reported  in  ref.  [9] 


Figure  6.  Thermal  conductivity  as  a  function  of  temperature 
for  different  density. 


Figure  7.  The  figure-of-merit  as  a  function  of  temperature  for 
different  density. 
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Temperature  (K) 

Figure  8.  Dimensionless  figure-of-merit  as  a  function  of 
temperature  for  different  density. 

In  figure  7  and  8  are  shown  the  figure-of-merit  Z  and  its 
dimensionless  value  ZT ,  respectively,  as  a  function  of 
temperature  for  specimens  HP-16,  20,  21,  and  26.  A  value  of 
Z-l.l  x  10'3  K'1  (or  ZT-  0.3)  is  obtained  at  room  temperature 
for  specimen  HP-21  which,  of  the  specimens  investigated, 
possesses  a  relatively  low  thermal  conductivity.  Even  so,  this 
value  is  only  a  third  of  that  obtained  from  Bi2Te3  based  alloys 
due  to  very  high  thermal  conductivity  of  YbAl3  compound,  its 
electrical  power  factor  is  more  than  doubled.  YbAl3  is  not 
competitive  with  Bi2Te3  based  alloys  in  terms  of  the 
conversion  efficiency  (or  the  coefficient  of  performance). 
Nevertheless,  it  exhibits  a  large  power  density  than  any  other 
currently  available  thermoelectric  materials.  This  is  a 
distinctive  advantage  in  electrical  power  generation  using 
waste  heat,  where  the  power  density  rather  than  the 
conversion  efficiency  is  overwhelming  consideration. 
Furthermore,  an  improved  understanding  of  its  substantially 
large  electrical  power  factor  and  possible  deviation  from  the 
Weidemann-Franz-Lorenz  law  may  provide  insight  into 
increasing  the  thermoelectric  figure-of-merit  in  Kondo 
materials. 
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Abstract 

Waste  heat  recovery  is  an  application  of  thermoelectrics 
where  a  high  conversion  efficiency  is  not  of  major 
importance.  The  economic  competitiveness  of  this 
technology  is  determined  by  the  capital  investment  (cost  per 
watt)  and  reliability  (module  mean-time-between  failures). 
This  paper  reports  progress  made  in  developing  an  improved 
module  for  use  in  the  economic  thermoelectric  recovery  of 
low  temperature  waste  heat.  It  is  predicted  that  these 
improved  modules  will  generate  at  least  three  times  the 
electrical  power  per  unit  area  compared  with  Peltier  modules 
currently  available  and  reduce  the  break-even  time  (operating 
period  required  to  produce  electricity  at  a  cost  which  matches 
that  of  the  major  electrical  power  generating  utilities)  from  the 
present  seven  years  to  less  than  three  years. 

General  Introduction 

In  general,  applications  of  thermoelectric  generators  have 
been  restricted  to  situations  where  combinations  of  their 
desirable  properties  such  as  reliability,  silent  operation  and 
ability  to  operate  in  hostile  environments  outweigh  their 
relatively  high  costs  and  low  conversion  efficiency  [1],  By 
far  the  widest  applications  have  been  in  Radioisotopic 
Thermoelectric  Generators  (RTGs)  with  the  heat  input  being 
provided  by  a  decaying  radioactive  isotope  -  an  extremely 
expensive  energy  source.  In  order  to  maximise  the  conversion 
efficiency  and  hence  reduce  fuel  costs,  the  generator’s 
modules  are  designed  to  meet  the  requirements  of  the  specific 
application,  with  effort  concentrated  on  improving  the 
thermocouple’s  figure-of-merit  and  operating  the  generator  at 
as  high  a  temperature  as  possible  to  increase  the  Carnot 
efficiency.  The  results  are  purposely  built,  expensive,  high- 
tech  modules  which  cannot  be  bought  off  the  shelf.  Examples 
are  the  multicouples  used  in  the  modular  RTG  (Figure  1)  with 
its  elaborate  design  features  such  as  glass-coated 
thermoelements  to  prevent  inter-element  short-circuiting  [2] 
and  the  SP-100  cell  configuration  (Figure  2)  which  uses 
compliance  pads  to  minimise  thermal  expansion  effects  when 
operated  at  temperatures  around  1000°C  [3].  Fortunately,  the 
module  specification  is  far  less  stringent  in  thermoelectric 
waste  heat  recovery  when  the  hot  side  temperature  is  less  than 
140°C.  Commercially  available  Peltier  module 
thermoelements,  shown  schematically  in  Figure  3,  can  readily 
be  modified  for  generating  application.  In  addition,  when  the 
cost  of  heat  energy  is  low  or  is  essentially  free,  as  in  the  case 
of  waste  heat,  the  relatively  low  conversion  efficiency  of 
thermoelectric  generation  is  not  an  important  consideration.  In 
some  parasitic  applications  such  as  a  power  supply  for  a 
domestic  central  heating  system  it  can  be  considered  a  distinct 
advantage  [4].  Since  1994  a  research  project  has  been  under 
way  at  the  University  of  Cardiff  to  economically  recover  large 
quantities  of  low  temperature  waste  heat  using  thermoelectric 


technology.  In  this  paper  is  reported  progress  made  in  one 
aspect  of  this  project  which  will  result  in  the  fabrication  of 
modules  based  on  commercial  Peltier  coolers  which  generate 
at  least  3  times  the  electrical  power  per  unit  area  compared  to 
those  currently  available  when  operated  over  the  same 
temperature  range.  It  is  predicted  that  these  improved 
modules  will  reduce  the  economic  break-even  time  (operating 
period  required  to  produce  electricity  at  a  cost  which  matches 
that  of  the  major  electrical  power  generating  utilities)  from  the 
present  7  years  to  less  than  three  years. 


Fig  1 :  Modular  RTG  employing  glass-coated  thermoelements 
(courtesy  General  Electric) 


HOT  SIDE.  HIG  H  VOLTAG  E 
ELECTRICAL  INSULATOR 
ALUM  INA  0.01  3cm  THIC  K 


HOT  SIDE,  LOW  VOLTAG  E 
ELECTRICAL  INSULATOR 
GS526  GLASS 
0.005cm  THICK 


COLD  SIDE,  LOW  VOLTAGE 
ELECTRICAL  INSULATOR 
GS526  GLASS 
0.005cm  THICK 


COLD  SIDE.  HIGH  VOLTAGE 
ELECTRICAL  INSULATOR 
ALUM  INA 
0.01  3cm  THICK 


Fig  2:  Thermoelectric  cell  configuration  (SP-100)  [ref  3] 

Peltier  module  generating  performance 
As  a  first  step  an  evaluation  was  undertaken  of  commercially 
available  thermoelectric  modules  when  operated  in  the 
generating  mode.  The  modules  tested,  apart  from  one,  were 
designed  for  operating  in  the  cooling  (Peltier)  mode.  A  single 
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module  test-generator  was  assembled  and  used  to  assess  their 
performance.  Maximum  electrical  power  output  was 
measured  using  a  technique  specifically  developed  to 
minimise  module  self-cooling  and  to  overcome  problems  in 
measuring  short-circuit  current  in  these  very  low  resistance 
devices.  A  selection  of  the  results  obtained  for  127 
thermoelement  modules  is  displayed  in  Figure  4.  Evidently 
the  power  output  from  different  modules  varies  by  more  than 
a  factor  of  2.  A  very  wide  variation  in  the  cost  per  watt  is  also 
evident  as  shown  in  Figure  5.  Generating  costs  range  from 
more  than  $100  a  watt  to  less  than  $5  a  watt  when  the  module 
is  operated  with  a  temperature  difference  of  80K  and  an 
ambient  temperature  cold  side. 
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Fig  3:  Construction  of  typical  thermoelement 


Temp,  difference  (K) 


Fig  5:  Comparison  of  cost  (£)  per  WATT  for  thermoelectric 
modules  when  operating  in  generating  mode  (temperature 
difference  80K). 

Theoretical  model 

In  order  to  identify  the  parameters  of  a  module  which 
determine  its  performance  in  thermoelectric  generation  it  is 
necessary  to  formulate  a  realistic  theoretical  model.  The 
conventional  design  of  a  power  generating  thermoelectric 
module  is  usually  based  upon  a  set  of  formulae  derived  using 
a  simple  model  in  which  the  thermal  and  electrical  contact 
resistances  of  the  module  are  neglected  [5]  and  expressions 
derived  for  the  conversion  efficiency  which  are  independent 
of  module  geometry.  In  this  situation  the  design  of  the 
thermoelectric  generator  is  guided  solely  by  matching  the  load 
resistance  to  achieve  either  of  the  two  limiting  cases; 
maximum  conversion  efficiency  or  maximum  power  output 
[6].  However,  both  power  output  and  conversion  efficiency 
of  a  thermoelectric  module  are  dependent  upon  the 
thermoelement  length  for  a  given  material  figure-of-merit, 
contact  properties  and  temperature  regime  of  operation  [7].  A 
schematic  of  a  realistic  single  couple  thermoelectric  module  is 
shown  in  Figure  6. 


ceramic  plate 
copper 


Fig  4:  Maximum  power  output  of  commercial  127- 
thermocouples  Peltier  modules  as  a  function  of  temperature 
difference  (Tc  at  300K) 


Fig  6:  Simplified  structure  of  Peltier  module.  Interfaces  1-6 
contribute  to  the  thermal  contact  resistance,  Interfaces  3-4 
contribute  to  the  electrical  contact  resistance. 
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Based  on  this  model  the  performance  of  a  thermoelectric 
module  operating  as  a  generator  can  be  described  by  the 
following  set  of  equations: 


where  a  is  the  Seebeck  coefficient  of  the  thermoelement 
material,  p  its  resistivity,  N  the  number  of  thermocouples,  A 
and  /  the  cross-sectional  area  and  length  of  the  thermoelement 
respectively,  lc  the  thickness  of  contact  layer,  7/j  and  Tc  are 
the  temperatures  of  hot  and  cold  side  of  module,  n=2pc/p , 
r=X// lc,  pc  is  the  electrical  contact  resistivity,  X  the 
thermoelement  thermal  conductivity  and  Xc  the  contact 
thermal  conductivity. 

Module  fabrication  quality  factor 

The  wide  variation  in  the  performance  of  modules  fabricated 
from  essentially  the  same  materials  and  operating  over  the 
same  temperature  regime  reflects  the  differing  standards  in 
fabrication  technology  adopted  by  device  manufacturers,  viz. 
contact  materials  and  the  formation  of  electrical  junctions  and 
thermal  contact  layers.  In  equation  6,  F  is  referred  to  as 
fabrication  quality  factor  and  is  a  measure  of  'the  quality  of 
the  module  fabrication'.  In  Figure  7  the  parameter  F  is  plotted 
as  a  function  of  thermoelement  length  for  different  contact 
resistance.  Each  of  the  curves  correspond  to  modules  with 
identical  contact  properties  (which  reflect  the  fabrication 
process).  Consequently  this  figure  can  be  used  to  measure  the 
quality  of  module  fabrication.  F  values  for  a  number  of 
commercially  available  modules  are  plotted  on  the  graph.  It  is 
apparent  that  the  fabrication  quality  for  a  majority  of 
manufacturers  correspond  to  F  values  between  0.6  and  0.8  for 
the  widely  employed  thermoelement  lengths  of  around  1.5 
mm.  The  module  which  does  not  fall  on  any  of  the  curves 
was  manufactured  using  a  completely  different  (and  inferior) 
contacting  and  fabrication  process. 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 

Thermoelement  Length  (mm) 

Fig  7:  Procedure  to  assess  quality  of  module  fabrication 
quality 

Contact  improvement 

Both  the  electrical  power  output  and  conversion  efficiency  of 
a  module  can  be  improved  by  reducing  the  thermal  and 
electrical  contact  resistances.  The  electrical  power  output  per 
unit  area  of  the  module  are  displayed  as  a  function  of  the 
thermal  and  electrical  contact  parameters  (n  and  r 
respectively)  in  Figure  8.  Effort  has  concentrated  on  reducing 
the  thermal  contact  resistance  as  the  figure  clearly  illustrates 
that  reducing  the  thermal  contact  resistance  has  a  more 
significant  effect  on  improving  the  power  output  than 
reducing  the  electrical  contact  resistance. 


FhAff  aiput  per  nit  area(rrWnmri) 


pamder,  n  pamder,  r 


Fig  8:  Improvement  in  power  output  per  unit  area  of 
thermoelectric  module  based  on  parameters  n  and  r. 

Optimising  thermoelement  geometry 

Traditional  calculations  of  electrical  power  output  and 

conversion  efficiency  of  thermoelectric  generating  modules  is 
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usually  based  upon  an  ’’ideal  model"  having  long 
thermoelements  to  maximise  efficiency  and  in  which  case  the 
influence  of  electrical  and  thermal  contacts  can  be  neglected. 
However,  in  thermoelectric  generation  using  waste  heat  short 
thermoelements  are  desirable  and  in  this  case  both  the  power 
output  and  conversion  efficiency  would  be  over-estimated.  In 
addition,  an  "ideal  model"  is  unable  to  provide  information  on 
the  relationship  between  thermoelement  length  and  the 
electrical  power  output  and  conversion  efficiency. 

The  "realistic  model"  outlined  above  revealed  a  length 
dependence  of  electrical  power  output  which  differs  from  that 
of  conversion  efficiency.  The  conversion  efficiency  increases 
with  increasing  thermoelement  length  while  the  electrical 
output  increases  with  a  decrease  in  thermoelement  length, 
reaches  a  maximum  and  then  decreases  as  indicated  in  Figure 
9.  The  "realistic  model"  also  facilitate  the  development  of 
detailed  design  theory  for  the  situation  when  fuel  is  not  free 
and  provides  a  practical  procedure  for  optimising  the  module 
geometry  guided  by  an  economic  factor  (£/kWh). 


Thermoelement  length  (mm) 

Fig  9:  Power  output  per  unit  area  and  conversion 
efficiency  as  a  function  of  thermoelement  length 

Generally  in  Peltier  applications  the  volume  to  be  cooled  is 
large  compared  to  the  dimensions  of  the  module, 
consequently  the  inter-thermoelement  spacing  is  not  of 
significant  importance.  In  generation,  however,  a  large  power 
output  per  unit  area  is  desirable  and  this  can  be  almost 
doubled  by  halving  the  inter-element  spacing. 

Optimisation  thermoelement  materials 
Materials  currently  employed  in  commercially  available 
modules  are  optimised  for  Peltier  applications  around  and 
below  room  temperature  (apart  from  one  manufacturer). 
Optimisation  is  achieved  mainly  by  adjusting  the  carrier 
concentration  and  material  composition.  The  effect  on  the 
electrical  power  factor  and  power  output  of  shifting  the 
optimised  values  from  300K  to  350K  is  shown  in  Figures  10a 


and  10b  respectively.  Evidently  an  improvement  of  around 
5%  in  power  output  can  be  achieved  at  AT  -  100K.. 


Temperature  (K) 


Fig  10(a)-(b):  Electrical  power  factor  and  power  output  as  a 
function  of  temperature  difference 

Search  for  new  materials 

In  view  of  the  daunting  large  numbers  of  possible  material 
combinations,  attempts  have  been  made  to  identify  general 
trends  in  the  thermoelectric  transport  properties  which  provide 
guidelines  to  identify  thermoelectric  materials  with  a 
potentially  good  power  factor.  Trends  were  observed  between 
the  materials'  electrical  properties  and  the  electronegativity 
differences  of  the  elemental  components,  see  figure  11.  A 
modified  "quantum  structural  diagram"  (figure  12)  which 
involves  simple  calculations  using  periodic  table  data  enables 
potentially  good  binary  compounds  to  be  identified  from  their 
location  in  this  diagram. 

Material  preparation 

A  quick  and  relatively  simple  method  of  producing  materials 
has  been  developed  using  mechanical  alloying  followed  by 
cold  pressing  and/or  sintering.  More  than  500  materials  have 
been  prepared  to  date  including  over  250  binary  compounds, 
100  ternary  compounds  and  80  quaternary  compounds. 
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Measured  data  on  these  materials  serve  to  provide  a  material 
data  base  for  the  initial  stage  of  thermoelectric  properties 
mapping.  High  density  samples  of  promising  thermoelectric 
materials  are  prepared  by  vacuum  hot  pressing  or  Bridgeman's 
method.  A  phenomenological  approach  similar  to  the  one 
used  by  Mendeleyev  in  constructing  his  periodic  table  was 
employed  in  attempting  to  identify  promising  trends. 
Computer  graphics  were  used  to  superimpose  measured 
thermoelectric  transport  data  upon  the  periodic  table.  As  an 
example  the  electrical  power  factor  for  ternary  compounds 
based  on  SbTe  is  displayed  in  Figure  13. 


Fig  11:  Electrical  power  factor  as  a  function  of 
electronegativity  difference  for  binary  compounds  containing 
bismuth. 
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Fig  12:  Thermoelectric  properties  “mapping”  of  binary 
compounds  using  a  modified  “quantum  structural  diagram”. 


Fig  13:  Electrical  power  factor  of  ternary  compounds  based 
on  SbTe. 


Property  screening 

The  search  for  a  high  figure-of-merit  (electrical  power  factor) 
material  involves  a  prohibitive  amount  of  experimental  work 
both  in  material  preparation  and  subsequent  transport 
properties  evaluation.  The  optimum  doping  level  of  newly 
prepared  materials  is  usually  unknown.  The  thermoelectric 
property  of  non-optimum  doped  material  is  usually  much 
small  than  those  which  are  optimally  doped.  A  technique  has 
been  developed  [8]  which  eliminated  the  need  to  make 
measurements  on  a  large  number  of  specimens  of  a  material 
with  different  doping  levels.  An  a-lna  plot  serves  as  a  useful 
power  factor  indicator.  The  method  is  based  on  a  relationship 
between  the  Seebeck  coefficient  and  the  electrical 
conductivity  and  enables  the  maximum  electrical  power  factor 
to  be  readily  estimated  from  Seebeck  coefficient  and  electrical 
resistivity  measurements  on  non-optimised  specimens.  The 
optimum  electrical  conductivity  corresponding  to  the 
maximum  electrical  power  factor  can  also  be  estimated.  In 
Figure  14  is  shown  room  temperature  a-lna  plots  obtained 
from  published  data  for  several  thermoelectric  materials.  The 
intercept  on  the  Ina  axis  exceeds  9  for  good  thermoelectric 
materials.  The  corresponding  electrical  power  factors  can  be 
calculated  using  this  Figure  and  the  results  are  displayed  as  a 
function  of  electrical  conductivity  in  Figure  15. 


Reliability 

Device  reliability  is  a  prerequisite  for  economic  generation 
using  waste  heat  as  the  operating  lifetime  of  the  generator  is 
limited  by  the  module's  between  failure  time.  Thermoelectric 
modules  based  on  bismuth  telluride  technology  are  extremely 
reliable  when  operated  in  the  cooling  (Peltier)  mode  at  and 
below  room  temperatures,  with  the  life  time,  in  general, 
considered  to  be  more  than  50  years.  Although  it  has  been 
reported  that  significant  degradation  occurs  in  modules  when 
operated  at  70°C  for  cooling  laser  diodes  [9]  very  limited 
reliability  information  is  available  on  modules  operated  in  the 
generating  mode.  A  programme  of  work  was  undertaken  at 
Cardiff  to  determine  the  reliability  of  commercially  available 
modules,  identify  failure  mechanisms  and  where  necessary 
take  appropriate  action. 


536 


16th  International  Conference  on  Thermoelectrics  (1997) 


Fig  14:  Room  temperature  plots  of  a-lna  for  several 
thermoelectric  materials 


Fig  15:  Electrical  power  factor  as  a  function  of  electrical 
conductivity  for  several  good  thermoelectric  materials 

Two  reliability  test  procedures  were  employed,  high 
temperature  storage  and  continuous  operation.  Preliminary 
studies  indicated  that  one  of  the  dominant  failure  mechanisms 
of  a  module  when  operating  at  elevated  temperatures  was 
deterioration  of  the  electrical  properties  and  contacts.  In  high 
temperature  storage  tests  AC  resistance  testing  was  adopted  as 
an  indicator  of  the  module's  integrity.  Data  obtained  shows 
that  significant  performance  degradation  occurred  in  most 
tested  modules  as  indicated  in  Figure  16.  The  electrical 
resistance  of  the  modules  increased  by  5-14%  during  the  first 
300  hours  and  increased  by  up  to  15-27%  during  the  test 
period  of  7600  hours  at  100°C. 


Fig  16:  AC  resistance  change  of  Peltier  cooling  modules 
stored  at  100  deg  C  as  a  function  of  time. 

In  Figure  17  is  displayed  that  temperature  dependencies  of  a 
typical  module  before  and  after  continuous  operation  for  8500 
hours  under  a  temperature  difference  of  80°C  and  with  a  hot 
side  temperature  of  100°C.  An  average  increase  of  about  3% 
was  observed  in  the  resistance  of  the  module. 


Average  Temperature  (deg  C) 

Fig  17:  Temperature  dependencies  for  typical  Peltier  cooling 
module  before  and  after  continuous  operation  for  8500  hrs  at 
a  temperature  difference  of  80  deg  C  and  hot  side  100  deg  C. 

Estimation  of  median  life 

When  a  thermoelectric  module  operates  in  its  cooling  mode, 
the  maximum  temperature  difference  across  it  decreases  with 
time  due  to  an  increase  in  the  module's  internal  resistance. 
This  increase  in  resistance  is  attributed  to  solid  state  diffusion 
and  reactions  between  the  semiconductor  thermoelements  and 
their  solder  pads.  It  is  reasonable  to  assume  that  the 
degradation  mechanism  of  modules  operating  in  the 
generating  mode  is  similar  to  that  when  operating  in  the 
cooling  mode.  The  module  life  time  can  then  be  estimated 
using  published  cooling  reliability  data  and  Arrhenius's 
equation: 
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=  exp- 


where  t}  and  t2  are  the  failure  time  of  modules  when  operated 
at  temperatures  of  Tx  and  T2i  k  is  Bolzmann's  constant  and  Ea 
is  the  processes  activation  energy  taken  as  0.55  eV  for  the 
continuous  operation  tests. 


The  medium  life  of  the  best  modules  investigated  was 
calculated  to  be  three  years  when  operated  in  the  cooling  or 
generating  mode  at  100°C.  This  implies  that  the  power  output 
of  half  the  tested  modules  will  reduce  by  10%  after  three  years 
continuous  operation  at  100°C  -  a  result  in  close  agreement 
with  our  experimental  results. 


Economics 

The  cost  per  watt  of  a  module  provides  a  measure  of  its 
economic  performance  to  some  extent.  However  the  ultimate 
cost  of  the  electricity  generated  using  a  thermoelectric  module 
is  a  function  of  the  operating  period  and  consequently  related 
to  its  reliability.  In  general,  the  cost  of  electricity  generated 
thermoelectrically  using  waste  heat  is  given  by: 


The  estimated  costs  in  the  figure  exclude  system  construction 
costs  but  is  unlikely  to  be  double. 

Conclusions 

It  has  been  demonstrated  that  Peltier  modules  can  be  used  to 
generate  electrical  power  using  low  temperature  waste  heat. 
When  operated  over  a  seven  year  period  the  cost  of  electricity 
produced  by  the  best  commercially  available  module  matches 
that  of  the  electrical  utilities.  The  use  of  an  improved  module 
with  thermoelement  with  optimised  geometry  and  higher 
packing  density  would  reduce  the  break  even  time  to  around 
three  years.  It  is  estimated  that  the  break  even  time  for  a 
thermoelectric  generating  system  would  be  around  five  years. 
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In  Figure  18  is  shown  the  cost  of  electricity  as  a  function  of 
operating  period  for  several  modules  when  operating  at  a 
temperature  difference  of  65K  with  a  cold  side  at  300K.  UK 
domestic  electricity  costs  at  about  £0.08/kWh  is  also  given  as 
a  comparison.  The  results  indicate  that  high  reliability 
modules  are  required  for  thermoelectric  generation  to  be 
commercially  competitive.  For  the  best  commercially 
available  modules  a  minimum  mean-time-between  failures  of 
around  seven  years  is  a  minimum  requirement  which  reduces 
to  around  three  years  for  improved  performance  modules. 
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Fig  18:  Cost  per  kilowatt  hour  as  a  function  of  operating 
period.  Solid  lines  represent  commercially  available  modules 
operated  at  AT=65K.  Dashed  lines  indicate  the  predicted  cost 
for  a  module  with  improved  power-per-area  operated  at 
AT=100K. 
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Abstract 

The  objective  of  this  project  is  to  develop  thermoelectric  gen¬ 
eration  systems  that  convert  untapped  energy  from  such  close- 
at-hand  sources  as  garbage  incineration  heat,  industrial  exhaust, 
etc.  into  electricity.  The  project  began  in  December  1995,  sup¬ 
ported  by  the  Science  and  Technology  Agency  of  the  Japanese 
government.  Four  electric  power  generation  systems  have  been 
under  trial  production  and  evaluation  as  to  their  reliability  and 
advantages.  Two  of  these  (500W-class  power  generation  sys¬ 
tems)  were  linked  to  a  conventional  garbage  incineration  plant 
with  a  capacity  of  80  tons/day.  Another  system  was  tested  in 
conjunction  with  a  gas  co-generator.  A  fourth  system,  for  solar 
thermal  energy,  was  combined  with  a  photovoltaic  cell. 

1.  Introduction 

Our  modern  day  life-style  has  evolved  within  a  mass-produc¬ 
tion,  mass-consumption  social  structure  supported  by  fossil  fu¬ 
els.  As  a  result  of  this  the  global  environment  is  facing  such 
problems  as  warming  due  to  greenhouse  gases,  acid  rain  and 
air  pollution  by  such  substances  as  dioxin.  Also,  the  issue  of 
the  serious  depletion  of  limited  fossil  fuel  resources  has  been 
raised.  Additionally,  in  Japan  and  elsewhere,  disposing  of  the 
garbage  produced  by  mass  production/mass  consumption  has 
become  a  problem.  In  our  attempts  to  deal  with  global  environ¬ 
mental  problems  and,  at  the  same  time,  avoid  over-reliance  on 
precious  fossil  fuel  resources,  there  is  a  pressing  need  to  de¬ 
velop  new  energy  sources.  In  1995  the  Japanese  government  s 
Science  and  Technology  Agency  (STA)  set  up  the  “Research 
Project  on  the  Effective  Use  of  Untapped  Thermal  Energy  from 
Garbage  Incineration  etc.”  (abbreviated  title:  UTP  -  Untapped 
Energy  Project).  In  this  project,  some  ten  government,  academic 
and  commercial  organizations  are  collaborating  together  to 
apply  thermoelectric  (TE)  technologies  used  in  space  power 
generation  systems  to  the  development  of  power  generation 
systems  which  make  effective  use  of  untapped  thermal  energy 
from  the  exhaust  heat  of  garbage  incineration  plants  and  en¬ 
gines  [1]. 

This  paper  describes  the  running  project  and  outlines  the  present 
status  of  research.  In  particular,  it  will  describe 

1.  the  employment  of  two  TE  generating  systems  in  a  conven¬ 
tional,  medium-size  incineration  plant, 

2.  the  usage  of  exhaust  heat  of  a  gas-fired  electricity  generator 
to  drive  a  TE  system  (co-generation  of  electricity), 

3.  the  combination  of  a  TE  system  with  a  photovoltaic  genera¬ 
tor  to  form  a  hybrid  PV-TE  system,  and  finally  with 

4.  the  popularization  of  thermoelectric  power  generation. 


2.  Development  of  garbage  incineration  driven  power  gen¬ 
eration  systems 

In  Japan,  the  majority  of  household  and  industrial  waste  is  pro¬ 
cessed  in  garbage  incineration  facilities  run  by  local  govern¬ 
ment  authorities.  As  of  1 994  there  were  approximately  1 850  of 
such  facilities  nationwide.  Of  these,  some  130  facilities  had 
steam  generators  attached  summing  up  to  an  approximate  elec¬ 
trical  power  capacity  of  460  MW. 

However,  only  30%  of  the  total  volume  of  waste  disposed  in 
Japan  contributes  to  the  generation  of  electricity.  The  majority 
of  waste  is  merely  being  discharged  by  the  incineration  plants 
into  the  atmosphere  in  the  form  of  heat  energy  and  gas.  As  the 
exploiting  of  such  untapped  energy  sources  will  contribute  to 
save  fossil  fuels,  a  positive  attitude  towards  their  development 
is  looked  for  on  the  part  of  all  parties  involved. 


Fig.  1 :  Nishi-Tanaka  garbage  incineration  plant  in  Sendai  City 
with  its  two  types  of  500  W  thermoelectric  generating  systems 
installed.  (Capacity:  80t/16h.  Type:  Semi-uninterrupted  stoker 
type.  2  automatic  combustion  control  equipments.  2  water-spray 
gas  cooling  chambers.  2  electric  dust  collection  equipments  (< 
0.05  g/Nm3).  2  harmful  gas  disposal  equipments  (<  HC1 
150  ppm).  Filtration  of  condensed  water.) 

Traditionally,  steam  turbine  power  generators  are  adopted  by 
large-scale  garbage  incineration  facilities.  Its  characteristics  are 
such  that  it  is  appropriate  for  use  in  conjunction  with  large,  con¬ 
tinuously  operated,  facilities  but  not  to  smaller  ones,  with  com¬ 
paratively  lower  levels  of  processing  capability,  where  the  high 
cost  of  installation  and  repeated  daily  interruptions  in  operation 
would  make  it  impracticable. 
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On  the  other  hand,  TE  power  generation  can  be  used  wherever 
there  a  heat  source,  irrespective  of  its  size  and  operating  condi¬ 
tions,  and  may  therefore  be  adapted  to  these  smaller  type  facili¬ 
ties.  At  their  present  stage  of  development,  thermoelectric  power 
generation  only  has  an  efficiency  level  of  4%  as  a  power  genera¬ 
tion  system  but,  as  will  be  discussed  later,  an  improved  module 
is  taken  into  account  which  will  raise  efficiency  levels  to  10-18%. 
In  this  case  a  thermoelectric  power  generation  system  will  be  a 
strong  competitor  to  a  steam  engine. 

The  Nishi-Tanaka  plant,  owned  by  Sendai  City,  is  an  example 
for  the  majority  of  garbage  incineration  plants  nationwide  that 
are  too  small  for  the  application  of  a  steam  power  generator.  The 
plant  has  a  80t/16h  incineration  capacity  (2  x  40t/16h  incinera¬ 
tors).  A  portion  of  the  incineration  heat  it  produces  is  used  in 
heating  the  plant  itself,  in  providing  hot  water  and  in  melting 
snow  that  accumulates  during  the  winter  time  but,  beyond  that, 
the  heat  is  not  utilized.  With  a  view  to  putting  that  heat  to  good 
work,  and  with  the  cooperation  of  the  Sendai  City  municipal 
office,  two  prototypes  of  TE  generators  (a  so-called  inpile-  and 
an  outpile-type  generator)  were  installed  at  the  plant  and  gen¬ 
eration  tests  having  been  performing.  Fig.  1  shows  the  way  the 
incinerator  system  is  laid  out  and  where  the  power  generators 
are  located  in  the  system. 

The  following  steps  are  involved  in  the  process  of 
garbage  disposal  in  the  Nishi-Tanaka  plant:  combus¬ 
tible  garbage  is  burned  in  an  incinerator  and  the  hot 
gases  (950  °C)  emitted  by  the  high-temperature  com¬ 
bustion,  along  with  a  small  quantity  of  ashes,  pass 
through  the  cooling  chamber.  From  there  they  pro¬ 
ceed  through  the  air  preheater,  where  they  drop  to  a 
temperature  of  less  than  300  °C  as  a  result  of  thermal 
exchange.  Fine,  powder-like  ashes  are  removed  in  an 
electric  dust  collector.  Just  before,  the  removal  of 
harmful  gases  takes  place.  The  gas,  by  now  at  a  tem¬ 
perature  of  around  250  °C,  passes  through  the  flue  and  is  dis¬ 
charged  from  the  chimney. 


manufactured  and  installed  at  the  Nishi-Tanaka  facility,  and 
long-term  operation  began. 

The  DC  output  of  the  generator  is  converted  into  100  V 
alternating  current,  which  is  also  used  to  feed  the  autonomous 
operation  control  equipment.  Fig.  2  shows  a  photograph  of  the 
system  before  its  installation  and  also  a  conceptual  sketch  of 
the  way  the  generator  works.  Early  on  in  the  test  operation  of 
the  generator,  a  DC  output  of  570  W  was  confirmed  (exceeding 
its  designed  output)  and,  even  after  the  passage  of  four  months, 
a  level  of  400-500  W  was  being  maintained  with  an  integrated 
output  reaching  400  kWh  (approximately  5  kWh/day). 
Continued  tests  and  long-term  evaluation  of  the  system’s 
reliability  are  now  undertaken. 

Fig. 3  shows  a  sample  of  data  obtained  over  a  period  of 
approximately  two  days  (45  hours)  which  were  taken  in  the 
first  month  of  operation.  The  DC  output  level  of  the  TE  modules 
reaches  a  maximum  of  around  500  W  during  the  daytime,  where 
the  plant  is  in  full  operation.  However,  due  to  losses  in  the  DC- 
AC  converter,  around  450  W  are  fed  into  the  display  equipment. 


The  TE  power  generators  were  installed  at  the  following  two 
locations:  the  outpile-type  thermoelectric  generator  on  the  flue 
immediately  prior  to  where  the  flue  joins  the  chimney  (point  A 
in  Fig.  1)  and  the  inpile-type  generator  towards  the  end  of  the 
duct  leading  out  of  the  system’s  hot- water  heater/heat  exchanger 
(point  B  in  Fig.  1) 


2,1  Qutpile-tvpe  Generator  System  f21 

This  type  of  system  has  its  generator  located  outside  of  the  source 
of  heat,  i.e.  the  hot  air  duct,  and  uses  heat  pipes  to  direct  the  heat 
to  the  TE  system,  which  is  employs  Bi-Te  based  modules  HZ- 
14  from  Hi-Z,  USA.  The  heat  pipes  collect  the  heat  with  a  fin 
structure  and  direct  it  to  the  TE  modules  by  a  gravity  driven 
flow.  Cooling  is  accomplished  by  means  of  a  water  cooling 
system  using  water  from  the  incineration  plant,  which  is  a  mixture 
of  well  water  and  tap  water. 


Fig.  2:  Garbage  incineration  plant’s  outpile  TE  generator  system. 
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In  the  developmental  stage,  a  100  W  type  system  was  produced 
and  its  output  checked  using  hot  wind  tunnel  tests  to  simulate 
the  generator’s  normal  location  on  an  incinerator  plant’s  flue. 
Based  on  the  results  of  these  tests,  a  500  W-class  system  was 


Fig.  3:  Measurement  data  from  the  incineration  plant ‘s  outpile 
TE  generator  system.  The  level  changes  reflect  the  plants 
operation  condition. 
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22  Inpile-tvpe  Generator  System  [3,41 

In  the  inpile  generator  system,  thermal  conversion  takes  place 
by  having  the  main  portion  of  the  system  located  inside  the  heat 
source  (hot  air)  itself.  Fig.  4  shows  a  photograph  of  the  generator 
together  with  a  conceptual  sketch.  The  heat-collection, 
thermoelectric  conversion  and  cooling  sections  are  located  in 
the  same  unit  and  also  here  the  cooler  uses  water  from  the  garbage 
incineration  facility.  Problems  with  both,  erosion  of  the  heat 
collecting  section  and  accumulation  of  dust,  which  usually  have 
to  be  dealt  with  when  locating  the  generator  right  in  among 
burning  gases  have  been  avoided  in  the  present  case,  as  the 
generator  was  installed  towards  the  end  of  the  water  heating 
system  where  the  exhaust  gas  merely  consists  of  clean  hot  air  of 
about  250  °C.  In  this  way  problems  with  erosion  and  dust 
accumulation  were  removed. 
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3.  Development  of  thermoelectric  power  generators  for  gas 
co-generation  systems  [5] 

In  Japan  at  present,  there  are  about  3,000  stand  alone  gas-fired 
generators,  mainly  producing  electricity  for  factories.  The  total 
volume  of  electricity  produced  is  around  3,300  MW,  with  an 
increase  at  an  annually  rate  of  10%.  The  efficiency  of  electricity 
generation  by  such  a  gas  generator  is  approximately  30%  and 
usually  about  50%  of  the  exhaust  heat  of  such  a  co-generating 
system  is  recovered  for  heating  purpose  or  as  processing  heat. 

However,  with  the  application  of  thermoelectric  conversion 
techniques,  the  overall  efficiency  could  be  increased.  If  the 
effectiveness  of  thermoelectric  power  generation  could  be 
demonstrated  with  gas  co-generation  systems,  it  would  be 
possible  to  apply  them  to  co-generation  systems  as  a  whole, 
and  the  popularity  of  this  form  of  power  generation  would 
snowball.  In  this  present  research  project,  experiments  were 
conducted  using  a  thermoelectric  generator  in  conjunction  with 
a  gas  co-generation  system  to  establish  its  feasibility  at  a  target 
level  of  500  W  electric  power  output. 
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Fig.  4:  Garbage  incineration  plant’s  inpile  TE  generator  system. 

The  structure  of  the  TE  system  consists  of  seven  layers  of  twelve 
Bi-Te  based  TE  modules  laid  side-by-side.  The  materials  and 
modules  have  been  manufactured  by  a  Japanese  company. 
Preliminary  output  tests  conducted  in  a  hot  air  wind  tunnel  before 
installation,  confirmed  the  expected  output  of  approximately 
500  W.  However,  towards  the  end  of  the  tests  the  generator 
sustained  damage  and  four  of  its  seven  layers  ceased  functioning, 
thus  the  test  was  only  valid  for  the  remaining  three  layers.  Output 
was  around  200  W  at  the  beginning  of  the  tests  but,  after  two 
months,  it  had  gradually  dropped  to  the  100  W  level.  The  generator 
was  dismantled  and  tests  conducted  to  find  the  cause  of  the 
problem  and  a  structural  fault  in  the  modules  was  found.  Further 
tests  are  now  being  prepared  for  a  new  improved  version  of  the 
modules. 

2.3  Data  collection  and  system  evaluation 

As  both  of  the  two  above  mentioned  power  generation  systems 
require  long-term  testing,  optimal  electric  load  control  and  data 
collection  were  performed  by  a  computer  using  a  measurement 
and  control  system.  Measurement  control  was  automated  and 
accomplished  using  a  monitor  with  a  computer  graphics  display 
and  real  time  control. 


Fig.  5:  Flow  chart  of  a  gas  co-generation  system  with  an 
additional  TE  converter  attached. 

3,1  Application  of  TE  to  a  gas-fired  electricity  generator 
Fig.  5  shows  a  system  flow  chart  for  a  TE  generator  applied  to 
a  co-generation  system.  And  as  seen  from  Fig.  6,  the  TE 
generator  consists  of  a  heat  exchanger  and  four  layers  of 
thermoelectric  modules  arranged  in  groups  of  5  x  5  per  layer. 
As  in  the  case  of  the  incinerator  outpile  system,  Bi-Te  type 
modules  HZ-14  were  used.  The  heat  media  of  the  heat 
exchanger  were,  on  its  hot  side,  exhaust  from  the  gas  co- 
generator’s  engine  and,  on  its  cool  side,  water.  A  plate  fin  type 
of  heat  exchanger  was  used,  bearing  in  mind  the  thermal 
transfer  efficiency  ratio  and  size  of  the  generator. 

In  TE  power  generation,  the  flow  of  heat  through  the 
thermoelectric  modules  determines  the  system’s  efficiency.  In 
the  case  of  a  layered  structure  generator,  it  is  necessary  to  apply 
pressure  on  the  top  of  the  plate  fin  heat  exchanger  so  as  to 
reduce  thermal  contact  resistance  between  the  heat  exchanger 
and  the  thermoelectric  module  layer  and,  in  designing  a  device 
to  apply  such  pressure,  it  is  necessary  to  ensure  that  the  pressure 
is  applied  evenly  to  all  of  the  thermoelectric  modules.  Based 
on  preliminary  tests  to  determine  the  level  of  pressure  required 
and  the  method  of  applying  it,  an  oil-filled  bellows  method 
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was  adopted  for  the  present  thermoelectric  generator  because 
its  pressure  level  may  be  regulated  easily. 

3.2  Performance  Evaluation  Tests 

Performance  evaluation  tests  were  conducted  using  a  hot  air 
producing  device  and  a  cold  water  circulator.  It  was  confirmed 
that  the  outputs  for  each  of  thejnodules  for  the  preliminary  test 
were  approximately  the  same,  and  the  tests  were  carried  out 
under  conditions  of  sufficient  and  uniform  pressure  application. 
Evaluation  tests,  using  temperature  of  exhaust  gas  and  its  flow 
volume  as  parameters,  were  carried  out  to  determine  generator 
performance. 
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Fig.  6:  Schematic  of  the  TE  assembly  in  the  gas  co-generation 
system. 
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Fig.  7:  Electrical  output  power  vs.  inlet  air  temperature  at  the  gas  co¬ 
generation  system. 


Fig.  7  shows  the  relationship  between  the  temperature  of  the 
exhaust  gas  and  generator  power  output  when  the  flow  volume 
of  the  exhaust  gas  is  held  at  a  fixed  level.  The  power  output  for 
the  thermoelectric  generator  is  calculated  as  the  highest  output 
of  the  thermoelectric  modules  from  the  voltage  values  for  the 
open  ends  and  the  internal  resistance  values  of  all  the  modules. 


It  was  confirmed  that  the  volume  of  electricity  generated 
increased  in  proportion  to  the  square  of  the  temperature  difference 
of  the  thermal  media  and  that,  at  the  temperature  at  which  it  was 
designed  to  function,  the  goal  of  an  output  of  500  W  was 
achieved. 

4.  Development  of  a  hybrid  photovoltaic/thermoelectric 
electrical  power  generation  system  [6] 

4. 1  Solar  heat/light  hybrid  power  generation 
The  previously  described  applications  of  TE  indirectly  still 
employ  fossil  fuel  as  heat  source  for  the  TE  energy  conversion. 
A  source  independent  of  limited  fuel  is  solar  radiation,  though  it 
has  the  disadvantage  of  a  relatively  low  density  and  uncertainties 
in  availability.  The  visible  part  of  the  solar  spectrum  is  already 
successfully  exploited  by  photovoltaic  (PV)  energy  conversion 
systems,  but  as  50%  of  the  radiated  energy  from  the  sun  is 
transferred  in  the  infrared  (IR)  region  of  the  spectrum,  there  is 
still  room  for  further  improvement.  Therefore  the  idea  is  at  hand 
to  divide  the  solar  spectrum  into  the  visible  and  the  IR  part  which 
are  separately  lead  to  a  PV  and  a  TE  system,  respectively. 

In  order  to  investigate  the  performance  of  such  a  hybrid  system, 
a  concentrating  solar  receiver,  with  radiation  separation  through 
a  wavelength  selective  filter  has  been  set  up. 


Wavelength  in  nm 


Fig.  8:  Specific  solar  radiation  power  as  a  function  of 
wavelength  together  with  the  transmission  characteristics  of 
the  filter  employed  to  separate  the  IR  from  the  visible  light. 

4,2  The  test  heat/light  hybrid  solar  power  generation  system 
The  solar  receiver  consists  of  a  heliostat  with  a  concentration 
factor  of  3,  and  a  heat  linear  concentrator  made  up  of  a  selective 
wavelength  reflector  with  a  characteristic  shown  in  Fig.  8.  It 
serves  as  a  heat/light  separator,  as  it  focuses  the  IR  part  of  the 
solar  spectrum  with  wavelengths  above  800  nm  onto  a 
thermoelectric  convertor  which  has  TE  modules  in  a  row.  For 
radiation  below  800  nm  the  filter  has  a  transmission  characteristic 
of  90%.  This  radiation  falls  onto  an  array  of  amorphous  silicon 
solar  cells.  Fig.  9  shows  the  overall  concept  of  the  system.  The 
system  was  installed  on  the  roof  of  the  project  research  facility 
and  tests  were  begun. 
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Fig.  9:  Schematic  and  detailed  views  of  the  PV-TE  hybrid  system. 


Two  radiation  power  meters  were  attached  into  the  reflected 
and  transmitted  radiation  paths.  Throughout  the  tests  they 
indicated,  that  the  radiation  power  was  roughly  divided  into 
two  equal  parts.  In  order  to  determine  the  influence  of  the  partly 
reflecting  membrane  on  the  output  of  the  PV  generator,  we 
installed  solar  cells  on  both  sides  of  the  membrane.  We  could 
indeed  verify  that  the  outputs  of  both  PV  cells  were  equal, 
indicating  that  the  influence  of  the  employed  filter  is  almost 
negligible. 

As  TE  generating  elements  standard  Peltier  modules  were  used, 
which  is  the  reason  that  the  present  tests  are  still  seen  to  be 
preliminary.  The  concentrating  solar  receiver  can  generate  hot 
side  temperatures  of  the  TE  modules  upto  around  400  °C,  but 
in  the  current  case  we  were  restricted  to  1 50  °C.  Cooling  of  the 
TE  generator  was  achieved  by  tap  water,  which,  in  the  current 
stage  of  experiment,  did  not  gain  a  significant  temperature  rise 
during  its  flow. 

Fig.  10  shows  an  example  of  the  data  obtained.  The  striking 
drop  of  temperatures  in  the  chart  is  caused  by  an  interruption 
of  the  solar  radiation  through  a  cloud.  From  the  results  shown 
in  the  chart,  it  may  be  seen  that  the  TE  conversion  efficiency  of 
the  system  was  2.5%  when  the  hot  side  of  the  thermoelectric 
generator  was  120  °C,  with  a  temperature  difference  of  70  °C. 
If  we  did  not  have  the  restriction  of  the  hot  side  temperature 
limit,  the  efficiency  would  be  somewhat  higher. 

However,  the  present  tests  have  fundamentally  demonstrated 
that  a  hybrid  PV-TE  system,  sharing  the  same  incident  radiation, 


without  considerable  mutual  distortions  is  in  fact  realizable. 
Further  setups  of  systems  embodying  amorphous  solar  cells  and 
wavelength-selective  filters  have  been  scheduled  with  a  view 
to  developing  a  high  output  generator.  By  using  BiTe-type  and 
medium-temperature  range  PbTe-type  materials  in 
thermoelectric  power  generation,  the  aim  is  to  achieve  a  thermal 
conversion  efficiency  level  of  10%  or  more,  thereby  raising  the 
compound  thermal  conversion  efficiency  of  both,  light  and  heat, 
to  above  15%.  If  additionally  the  generated  hot  water  is  used, 
an  overall  system  efficiency  of  70%  is  expected. 
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Fig.  10:  Typical  measurement  data  pattern  of  the  PV-TE  hybrid  system. 
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5.  Progressive  increase  in  the  efficiency  of  thermoelectric 
materials 

The  following  points  might  be  mentioned  as  challenges,  or 
conditions  that  need  to  be  met  in  order  to  achieve  the 
popularization  of  thermoelectric  generators  powered  by  untapped 
exhaust  heat  such  as  garbage  incineration  heat:  (1)  thermoelectric 
power  generation  techniques  must  be  demonstrated  to  have 
improved  beyond  their  present  1  kW  capacity  to  a  level  of 
100  kW  output  and,  (2)  the  durability  and  reliability  of 
thermoelectric  generating  systems  must  be  demonstrated  and, 
finally,  (3)  it  is  vital  that  production  costs  become  low  enough 
to  be  commercially  feasible.  In  order  to  achieve  the  first  goal  of 
increased  output  levels  it  is  necessary,  on  the  present  materials 
development  side,  to  improve  the  efficiency  and  thermal 
resistance  of  thermoelectric  modules,  and,  in  the  area  of 
thermoelectric  generator  design,  it  is  vital  to  optimize  system 
design  so  as  to  increase  the  temperature  difference  across  the 
thermoelectric  elements.  One  by-product  of  the  increasing  of 
combustion  temperatures  in  incinerators  in  order  to  deal  with 
the  problem  of  dioxin  emission  is,  that  the  temperature  difference 
across  the  TE  elements  will  grow,  and  so  conditions  will  become 
progressively  favourable  for  higher  power  output. 

At  present,  the  R  &  D  work  going  into  the  development  of  more 
efficient  thermoelectric  materials  can  be  roughly  divided  into 
two  areas  of  effort.  The  first  is  research  and  development  aimed 
at  controlling  the  structure  of  existing  materials  and  is  being 
carried  out  with  a  policy  emphasis  on  functionally  graded  (FGM) 
and  quantum  well  structures.  The  second  line  of  efforts  involves 
the  development  of  entirely  new  materials. 
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Fig.  11:  Temperature  dependent  figure  of  merit  for  a  series 
of  TE  semiconductor  systems. 


A  typical  example  of  the  first  of  these  two  approaches  is  the 
advocating  of  an  increase  in  performance  levels  by  the  joining 
together  of  functionally  graded  heterogeneous  thermoelectric 
materials  [7,8].  The  particular  approach  seeks  to  increase 
generator  efficiency  by  designing  and  joining  together  several 
types  of  thermoelectric  materials  in  such  a  way  that  heat  flows 
through  each  of  these  materials  at  optimum  levels  and  by 
functionally  grading  the  carrier  density  and  structure  of  each  of 
these  materials,  thereby  improving  their  figures  of  merit  over  a 
wide  thermal  range.  Fig.  11  shows  a  calculation  based  on  the 
above  approach.  Specific  details  may  be  obtained  from  the 
reference  materials  but,  the  calculations  shows  that,  by  joining 
together  and  functionally  graded  various  n  and  p  elements  of 
Bi2Te3-PbTe-SiGe-R*Te  (R*:  rare  earth  element),  an  average  ZT 
level  of  1  would  be  realized  under  a  thermally  gradient  condition 
of  a  hot  side  temperature  of  1100  °C  with  the  cold  side  being  at 
30  °C.  In  this  case  the  maximum  conversion  efficiency  would 
be  raised  above  a  level  of  23%. 

On  the  other  hand,  since  around  1990,  extensive  work  has  been 
done  to  seek  out  new  kinds  of  thermoelectric  materials.  The 
thermoelectric  elements  developed  thus  far  achieve  a  maximum 
score  of  ZT=  1,  and  for  many  years  this  was  thought  to  have 
been  the  ceiling  value  on  that  scale.  However,  since  a  vast  track 
record  had  been  established  for  the  element  SiGe  used  in  space 
probes,  C.  Vining  was  able  to  produce  an  accurate  model  of 
thermoelectric  phenomena  and  it  has  been  shown  that,  by 
changing  microscopic  parameters,  the  development  of  a  material 
with  a  ZT  of  more  3  is  possible  [9,10].  As  a  result  of  this  finding, 
much  activity  has  been  going  on  in  the  field  of  new  materials 
development  and  promising  new  materials  and  families  of 
materials  are  being  discovered,  and  it  is  hoped  that  good  results 
will  come  from  the  functionally  grading  of  these  new  material 
families  in  the  future.  Also,  in  the  area  of  module  design  and 
production,  the  need  to  raise  the  hot  end  temperature  level  of 
the  thermoelectric  elements  used,  makes  it  vital  that  these  new 
materials  be  employed  in  developing  highly  durable  modules 
(i.e.  having  high  levels  of  heat  resistance,  thermal  stress 
resistance  and  resistance  to  corrosion)  with  a  structure  that  will 
reduce  thermal  stress. 


6.  Areas  in  which  thermoelectric  power  generation  methods 
may  be  applied  and  the  popularization  of  thermoelectric 
power  generation 

The  thermoelectric  power  generators  that  have  been  used  thus 
far  have  been  utilized  in  space  exploration,  military  activities  or 
in  power  generation  in  isolated  areas  and  have  had  a  maximum 
output  level  of  around  1  kW,  but  it  is  now  becoming 
technologically  possible  to  manufacture  large-capacity 
generators.  Thermoelectric  power  generation  can  be 
accomplished  no  matter  what  the  source  of  heat  and,  even  with 
a  low-level  heat  source,  the  process  of  taking  in  heat  at  one  end 
of  the  system  and  generating  electric  power  at  the  other  can  take 
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place.  In  addition  to  exhaust  heat  from  incineration,  other  close- 
at-hand  sources  of  untapped  heat  energy  such  as  the  hot  wastes 
from  steam-powered  generators  and  factories,  car  exhaust  heat 
and  solar  heat  can  be  exploited.  In  Japan  alone,  the  total  annual 
power,  when  expressed  in  terms  of  cubic  meters  of  crude 
petroleum,  is  53 1,000,000  m3,  but  only  67%  of  this  quantity  is 
effectively  consumed,  and  the  remaining  amount,  an  equivalent 
of  173,000,000  m3  of  crude  petroleum,  is  lost  in  the  system  — 
an  amount  which  is  equivalent  to  2.4  times  the  total  electrical 
power  generated  for  the  whole  country.  If  methods  of 
thermoelectric  power  generation  could  be  applied  to  exploit 
this  heat  energy  now  being  wasted,  a  valuable  contribution  could 
be  made,  both  to  the  generation  of  electricity  and  to  the  saving 
of  energy  [11]. 

One  of  the  hurdles  that  must  be  overcome  in  order  to  establish 
thermoelectric  power  generation  technology  as  practical  and 
commercially  feasible  is  its  cost.  If  the  cost  benefits  are 
sufficiently  large,  the  technology  will  naturally  come  into 
general  use,  and  so  the  reduction  of  the  manufacturing  costs  of 
these  systems  is  closely  tied  in  with  their  popularization.  Fig. 
12  shows  a  calculation  originally  done  by  the  American  Hi-Z 
Company  [12]  predicting  quantities  of  thermoelectric  generators 
manufactured  when  compared  with  the  cost  of  power 
production.  Additional  data  has  been  inserted  into  the  chart  to 
show  the  features  of  the  process  of  the  popularization  of 
thermoelectric  generation.  The  solid  curve  shows  the  specific 
investment  costs  as  a  function  of  the  yearly  manufactured  power 
of  thermoelectric  modules.  It  is  thought  that  the  costs  decrease 
as  a  result  of  mass  production.  If  ten  100  kW-class  generator 
systems  using  these  thermoelectric  modules  were  manufactured 
each  year  and  installed  at  medium-sized  incineration  plants  all 
over  Japan,  and  if  a  production  cost  for  these  systems  were 
assumed  to  be  roughly  1.5  times  that  of  the  modules  themselves, 
an  annual  demand  for  approximately  80,000  modules  (estimated 
output  of  13W/module)  could  be  expected,  thereby  module 
production  costs  from  the  present  S10/W  to  half  of  that  at  around 
$5/W.  The  electricity  generated  by  incineration  plants  could  be 
used  to  power  their  own  facilities  and,  working  with  figures 
based  on  the  savings  and  benefits  obtained  (calculated  at  an 
estimated  rate  of  $0. 2/kWh),  an  estimate  can  be  made  of  the 
number  of  years  it  would  take  to  realize  a  full  return  for  the 
expenses  involved  in  manufacturing  and  installing  the 
generation  system.  In  the  early  stages  of  generator  manufacture 
the  $1,500,000  cost  would  take  eighteen  years  to  pay  back  but, 
with  the  eventual  drop  of  module  costs  to  the  $5AV  level,  the 
period  required  to  realize  a  return  on  the  original  expenses  would 
be  reduced  to  nine  years  [11],  Additionally,  as  was  touched  on 
in  section  5,  with  the  development  of  highly  effective 
thermoelectric  materials  also  proceeding  parallel  to  this  cost 
drop/popularization  process,  better  thermoelectric  modules  will 
be  produced. 

In  fact,  our  project  team,  while  working  on  developing 
thermoelectric  generation  systems  for  garbage  incinerators  is 
also  going  on  with  research  on  basic  techniques  for 
thermoelectric  module  production  (raising  levels  of  heat  and 
corrosion  resistance,  integration  and  shaping  techniques),  and 


is  actively  engaged  in  promoting  the  popularization  of 
thermoelectric  power  generation  technology. 
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Fig.  12:  Specific  costs  of  TE  modules  as  a  function  of  their  yearly 
manufactured  power. 

7.  In  Conclusion 

The  present  problems  of  the  global  environment,  energy  and  waste 
disposal  demand  a  clear  sense  of  direction  in  the  development  of 
energy  sources.  The  effective  exploitation  of  energy  that  was 
wasted  or  that  simply  dispersed  without  being  utilized  is  an 
important  concept  in  planning  our  communities  as  we  approach 
the  twenty-first  century.  Research  into  the  effective  exploitation 
of  untapped  thermal  energy,  such  as  that  from  garbage 
incineration,  is  extremely  timely  for  Japan,  a  country  with  limited 
energy  resources.  In  this  report,  the  focus  has  been  on  incinerators, 
and  the  present  stage  in  the  development  of  thermoelectric  power 
generation,  the  problems  faced  and  the  future  prospects  for  a 
society  in  which  the  popularization  of  thermoelectric  power 
generation  has  become  a  reality  have  been  dealt  with  from  the 
standpoint  of  those  actually  involved  in  the  development  of  these 
systems.  This  development  is  still  in  progress  and  many  technical 
problems  remain  but,  at  such  a  time  as  the  present,  when  the 
means  to  increase  the  effectiveness  of  thermoelectric  materials 
is  within  our  grasp,  it  is  important  to  establish  basic  techniques 
for  producing  generation  systems  that  will  make  good  use  of 
achievements  in  the  field  thus  far.  Seeing  that  the  Japanese 
government  has  expressed  its  policy  decision  to  develop  large- 
scale  incinerators  as  a  means  of  dealing  with  the  restrictions  placed 
on  incinerator  dioxin  emission  levels,  it  is  unlikely  that  the 
impoverished  local  authorities  who  own  the  small  and  medium 
sized  plants  (that  make  up  90%  of  the  total  number  of  incinerators) 
will  be  able  to  afford  to  combine  or  otherwise  adjust  their  facilities 
overnight  in  line  with  central  government  policy.  It  seems  likely 
that  these  smaller  facilities  will  have  to  work  at  improving  the 
effectiveness  of  catalysts  and  filters,  make  effort  for  uninterrupted 
operation,  raise  the  temperature  of  incinerator  combustion  and 
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effectiveness  of  catalysts  and  filters,  make  effort  for  uninterrupted 
operation,  raise  the  temperature  of  incinerator  combustion  and 
seek  any  other  ways  for  dealing  with  the  problem  of  keeping 
dioxin  emissions  within  the  regulatory  level  while  maintaining 
their  present  size.  The  movement  in  the  direction  of  uninterrupted 
operation  and  high  temperature  combustion  on  the  part  of  small 
and  medium  sized  incineration  facilities  is  not  an  unfavourable 
one  in  terms  of  the  conditions  for  application  of  thermoelectric 
power  generators. 

It  is  highly  hoped  that  thermoelectric  power  generation  will  prove 
to  be  the  technology  that  will  fill  society’s  need  for  a  constructive 
way  of  handling  the  vast  amounts  of  exhaust  heat  involved.  Steady 
reform  of  thermoelectric  power  generation  technology  is  vital  in 
order  to  further  respond  to  this  pressing  need  of  society  but,  aided 
by  the  momentum  from  the  thermoelectric  module  costs 
reductions  that  will  result  from  the  popularization  of  incinerator- 
driven  generators,  the  exploitation  of  the  ultimate  reusable  energy 


-  that  from  the  heat  and  light  of  the  sun  -  will  be  within 
mankind’s  grasp  and,  in  the  coming  twenty-first  century,  we 
will  be  able  to  benefit  from  this  clean  and  unrestricted  source 
of  electricity. 

It  is  the  authors’  desire  that  thermoelectric  power  generation 
technology  will  be  of  assistance  in  the  construction  of  a 
“sustainable  society”  [13]  wherein  the  use  of  fast-depleting 
fossils  fuels  is  reduced  and  energy-awareness  is  highly  valued. 
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Examples  of  Power  From  Waste  Heat  for  Gas  Fields 
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Robert  L.  Farley,  Power  Sources,  Inc.,  Farmington,  NM 


Abstract 

This  paper  describes  the  design  of  three  unique 
thermoelectric  generators  developed  to  supply  electric  power  in 
natural  gas  fields.  The  unique  feature  of  these  generators  is  that 
they  do  not  contain  their  own  heat  source  but  all  convert  the 
waste  heat  produced  by  equipment  already  used  in  the  gas  field 
as  the  thermal  power  source  for  the  generators. 

The  first  generator  described  uses  the  difference  in 
temperature  between  the  hot  and  cold  legs  of  the  glycol  natural 
gas  dehydrator  cycle  to  produce  power  for  cathodic  protection 
of  the  well.  The  second  system  uses  waste  heat  from  the  pilot 
light  of  the  gas  dehydrator  boiler  to  produce  power  for 
electronic  instruments.  The  third  system  used  waste  heat  from 
the  gas  dehydrator  boiler  stack  to  provide  power  for  instruments, 
communications,  and  other  uses  around  the  well  site. 

The  description  of  these  generators  includes  both 
photographs  ofthe  prototype  units  and  performance  curves  from 
each  of  the  generators.  Each  generator  has  unique  features  and 
advantages  which  are  discussed  in  the  paper. 

Introduction 

Oil  and  natural  gas  fields  require  electricity  for  several 
reasons.  Among  these  are  cathodic  protection  of  the  well  casings 
and  pipes,  telemetry  power,  and  lighting.  If  this  power  is  not 
supplied  by  a  connection  to  the  grid,  then  it  must  be  supplied 
from  the  field.  The  usual  methods  are  to  either  provide  small  i.c. 
engine  generator  set,  solar  panels,  or  self-contained 
thermoelectric  generator  which  is  fueled  with  either  propane  or 
natural  gas  from  the  well. 

For  the  low-power  requirements  motor  generator  sets 
are  expensive  to  operate  and  maintain,  so  that  either  solar  or 
self-contained  thermoelectric  generators  have  been  the  solutions 
of  choice.  Solar  panels  have  their  advantages  and  disadvantages 
for  these  applications.  However,  they  are  not  the  subject  of  this 
paper. 

One  of  the  disadvantages  of  the  stand-alone 
thermoelectric  generator  is  that  it  can  represent  an  additional 
combustion  source  within  the  field,  and  therefore  it  represents 
a  potential  safety  hazard.  Also  since  it  bums  potential  sale  gas 
it  represents  a  further  energy  depletion.  In  addition,  a  stand¬ 
alone  thermoelectric  generator  can  be  expensive. 

The  alternative  is  to  tap  the  sources  of  waste  heat 
already  available  within  the  gas  field.  One  widely  used  existing 
source  is  the  natural  gas  dehydrator  system  in  which  a  liquid 
descant  such  as  triethylene  glycol  is  employed  to  remove 
moisture  from  natural  gas. 

Gas  extracted  from  a  well  is  composed  of  a  gaseous 
phase  as  well  as  distillate  and  water.  Well-head  gas  and 
processing  equipment  is  often  situated  at  remote,  relatively 


inaccessible  locations  and  must  be  reliably  continuously 
operable  without  attention  by  operating  or  maintenance 
personnel  under  variable  and  sometimes  extreme  climatic 
conditions.  The  well-head  gas  then  must  be  transported,  under 
pressure,  great  distances.  Since  well-head  gas  is  usually  at  high 
pressure,  the  moisture,  if  not  removed,  tends  to  condense  as  the 
pressure  is  reduced  upon  entering  the  pipeline.  This  can  lead  to 
pipeline  corrosion  as  well  as  the  formation  of  water  or  ice  within 
the  distribution  system  subjecting  the  well  producer  to  both 
expensive  repair  costs  and  loss  of  contracted  sales  gas. 

A  typical  solution  to  the  moisture  problem  is  to  pass  the 
gas  through  a  dehydrator  to  remove  most  of  the  water  vapor  an 
reduce  the  dew-point  of  the  gas  stream  to  a  desired  level  for 
further  handling  or  transportation  of  the  gas.  Gas  dehydration  is 
accomplished  by  passing  the  gas  stream  through  an  enclosure, 
including  a  pressure  tower  or  vessel  containing  series  of  stacked 
liquid  desiccant  membranes,  where  gas  is  brought  into  intimate 
contact  with  a  stream  of  triethylene  glycol.  Water  from  the  gas 
and  is  absorbed  in  the  triethylene  glycol  at  15  to  30°C.  The 
absorbed  water  is  subsequently  removed  from  the  triethylene 
glycol  by  circulating  and  heating  the  glycol/water  solution  to 
175  to  200°C  at  atmospheric  pressure. 

A  gas-fired  boiler,  such  as  the  one  shown  in  Figure  1, 
provides  the  source  of  heat  to  warm  the  glycol/water  solution  to 
separate  and  vaporize  the  water.  The  re-concentrated  hot  glycol 
is  then  cooled  by  means  of  well  gas  heat  exchanger  mechanisms 
and  is  returned  to  the  contactor  enclosure  for  absorption  of 
moisture  from  further  quantities  of  gas.  The  system  is 
continuous  in  operation  with  the  glycol  circulation  rate  of  0.75 
to  38  1/min  depending  on  the  capacity  of  the  gas  field. 


Figure  1:  Gas-Fired  Dehydrator  Boiler  In  Field 
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The  dehydrator  system  represents  a  potential  source  of  energy 
recovery  for  conversion  into  electricity.  This  paper  describes 
three  different  applications  of  the  thermoelectric  conversion 
which  are  currently  being  built  that  use  the  waste  heat  in  the  gas 
dehydrator  system  as  the  energy  source. 

Glycol  Generator 

The  first  application  described  is  a  generator  which 
uses  the  hot  (dry)  and  cold  (wet)  glycol  streams  as  a  source  of 
energy.  The  generator,  shown  in  Figure  2,  consists  of  a  single 
high  temperature  heat  exchanger  of  rectangular  cross-section, 
eight  HZ- 14  thermoelectric  modules,  two  cold  side  heat 
exchangers,  and  spring-loaded  clamping  system  to  hold  the  cold 
side  heat  exchangers  and  thermoelectric  modules  in  good 
thermal  contact  against  the  central  hot  heat  exchanger.  The 
prototype  generator  shown  in  Figure  2  is  made  entirely  from 
mild  steel,  however,  aluminum  is  being  considered  in  future 
production  models. 


Figure  3:  HZ-14  Module 

sheet  metal  jacket  for 
weather  protection 
during  normal 
operation.  With  the 
installation  of  the 
glycol  generator  none 
of  the  dehydrator 
operating  parameters 
are  altered  but  are 
actually  enhanced. 

Figure  4:  Glycol 
Generator  Installed 


Figure  2:  Glycol  Generator 

Hot  triethylene  glycol  from  the  dehydrator  boiler  enters 
the  hot  heat  exchanger  through  a  straight  section  of  pipe.  It  then 
flows  by  gravity  through  evenly  spaced  parallel  rectangular 
passages  in  the  center,  giving  up  its  heat  to  the  thermoelectric 
modules.  At  the  outlet  end  cooler  glycol  is  collected  and  allowed 
to  drain  into  the  holding  tank  below  the  boiler. 

Four  HZ-14  modules,  such  as  shown  in  Figure  3,  are 
positioned  on  each  side  of  the  hot  heat  exchanger.  Each  is 
electrically  insulated  from  the  metallic  heat  exchanger  by  a  0.25 
mm  thick  piece  of  aluminum  oxide.  Heat  transfer  grease  is  used 
on  both  sides  of  each  insulator  to  minimize  thermal  contact 
resistance. 

Cold  glycol/water  solution  from  the  dehydrator  column 
is  pumped  into  one  cold  side  heat  exchanger  by  a  double-acting 
circulation  pump  normally  associated  with  the  dehydrator 
system.  The  glycol  flows  through  one  cold  heat  exchanger  and 
is  then  returned  via  flexible  hose  to  flow  through  the  second 
cold  heat  exchanger.  From  there,  the  glycol  passes  to  a  hot 
bubble  tower  located  above  the  boiler  where  it  is  heated  and  the 
water  is  vaporized  before  the  dry  glycol  returns  to  the  boiler. 

Figure  4  shows  the  installation  of  the  glycol  generator 
on  a  small  dehydrator  boiler.  The  generator  is  covered  with  a 


While  the 
eight  HZ- 14  modules 
are  capable  of 
producing  in  excess  of 
100  watts  under  their 
rated  conditions,  they  only  produce  about  60  watts  in  this 
application  because  of  the  lower  temperatures  associated  with 
the  dehydrator  glycol  system.  However,  this  low  temperature 
system  provides  the  potential  for  a  long  operating  life  with  little 
degradation  of  the  thermoelectric  modules. 

Figure  5  is  a  plot  of  output  power  from  the  glycol 
generator  as  a  function  of  flow  rate  for  three  hot  glycol 
temperatures  and  a  cold  glycol  temperature  of  1 5.5°C.  One  can 
see  how  quickly  the  output  power  falls  for  glycol  flows  of  less 
than  4  liter  per  minute.  One  can  also  see  the  affect  of 
temperature  difference  on  power  output. 

The  electric  interface  requirement  for  this  generator 
depends  on  its  use.  If  it  is  to  be  used  solely  for  cathodic 
protection  it  would  be  connected  to  a  DC/DC  (buck)  voltage 
converter  and  a  constant  current  controller.  If  it  is  to  be  used  to 
charge  batteries  or  to  provide  power  for  transmission  of 
wellhead  data  from  a  remote  sit,  it  would  probably  be  interfaced 
with  a  constant  voltage  DC/DC  boost  converter. 
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Figure  5:  Glycol  Generator  Power  Output  vs  Flow  Rate 
for  Various  Hot  Glycol  Temperatures 


The  generator  has  no  controls  of  its  own.  It  depends 
totally  on  the  existing  controls  of  the  dehydrator  system.  This 
should  lead  to  low  cost  and  reliable  power  solution  without 
requiring  additional  combustion  sources  in  the  gas  field. 

This  generator  is  currently  being  field  tested  on  a  gas 
well  in  Colorado  where  it  is  being  used  as  the  power  source  in 
a  cathodic  well  protection  system. 

Pilot  Generator 

Another  clear  source  of  available  energy  is  the  pilot 
light  for  the  dehydrator  heating  system  boiler.  Heating  systems 
such  as  these  consist  of  an  elongated  burner  housing  containing 
a  main  gas  burner  unit,  which  is  operable  intermittently  on 
demand  when  heat  is  required,  and  a  pilot  gas  burner  unit  which 
provides  a  continuous  flame  to  ignite  the  main  burner  unit.  The 
pilot  burner  has  a  thermal  output  of  29  kilowatts.  This  relatively 
high  thermal  output  is  dictated  because  of  some  of  the  special 
requirements  of  boiler  operation. 

Only  a  small  fraction  of  the  energy  in  the  pilot  has  to 
be  converted  to  provide  a  minimum  10  watts  at  14.5  V 
necessary  to  maintain  a  typical  remote  telemetry  system.  One 
design  challenge  to  overcome  is  how  to  get  the  thermal  power 
out  of  the  pilot  when  it  is  being  fired  by  the  pilot  burner  alone 
without  being  thermally  overwhelmed  when  the  much  larger 
main  burner  is  ignited.  Another  challenge  is  the  restricted  space 
available  within  the  existing  burner  housing. 

After  some  experimentation,  it  was  found  that  the 
energy  required  to  support  a  single  HZ- 14  module  could  be 
provided  from  the  housing  that  encloses  the  pilot  burner  tip.  The 
tip  temperature  remains  essentially  constant  independent  of 
main  burner  operation.  Air  flow  to  the  pilot  burner  is  sufficient 
to  cool  the  cold  side  heat  sink. 

A  machined  copper  hot  side  heat  exchanger  mounted 
perpendicular  to  and  encompassing  the  pilot  tip  is  used  to 
conduct  heat  to  the  hot  side  of  the  thermoelectric  module.  The 
cold  side  of  the  module  is  mounted  in  the  burner  inlet  airstream 


on  an  aluminum  heatsink.  The  heatsink  is  machined  to  fit  within 
the  existing  burner  housing  without  excessively  blocking  air 
flow  to  the  either  the  pilot  or  the  main  burner.  The  module 
power  leads  are  connected  to  insulated  conductions  which 
penetrate  the  burner  wall  so  that  the  burner  flame  arrestor 
system  is  not  compromised.  A  drawing  of  the  pilot  generator  is 
shown  in  Figures  6  and  7. 


Figure  7:  Components  of  Pilot  Generator 

The  pilot  generator  will  produce  a  maximum  power  of 
14  watts  and  1.65  volts  at  matched  load.  This  system  can  be 
coupled  with  a  DC/DC  boost  voltage  converter  and  used  to 
charge  a  battery  and  provide  over  200  watt-hr  per  day  of  energy 
for  various  uses  within  the  gas  field,  such  as  wireless  data 
transmission  from  the  wells.  The  burner  housing  described  is 
typical  of  many  types  used  in  oil  and  gas  fields.  The  pilot 
generator  design  can  be  adapted  to  most  of  these  systems. 
Stack  Generator 

The  boiler  emissions  stack  is  also  a  considerable  source 
of  available  energy  to  convert  into  electricity.  The  stack 
generator  is  shown  in  the  drawing  of  Figure  8.  This  generator 
consists  of  two  HZ- 14  modules,  a  hot  heat  exchanger  and  a 
cold  heat  exchanger. 

The  generator  obtains  its  energy  from  the  hot 
combustion  gasses  leaving  the  dehydrator  boiler.  The  energy  at 
this  point  can  be  from  66  kilowatt  to  293  kilowatt.  The 
temperature  of  the  stack  gas  can  vary  over  a  wide  range 
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We  believe  that  such  systems  can  be  provided  power 
at  a  lower  cost  than  some  of  the  stand-alone  generators  currently 
being  used  in  the  production  fields.  Both  the  acquisition  cost 
and  the  maintenance  cost  can  be  lower  than  stand-alone  systems 
as  well  as  being  hidden  within  the  equipment  assuring  tamper¬ 
proof  operation.  The  generators  could  be  installed  by  original 
equipment  manufacturing  firms  further  reducing  appl  ication  and 
installation  costs.. 

This  technique  of  reusable  energy  can  be  readily 
extended  to  other  operations  where  there  are  sources  of  thermal 
energy  which  are  currently  being  wasted.  The  power  obtained 
can  be  made  available  for  an  unlimited  number  of  uses  without 
any  increase  in  energy  usage.  Another  example  of  exploiting 
reusable  energy  in  an  unrelated  field  was  the  thermoelectric 
generator  for  the  Diesel  engine10  which  was  presented  at  the 
1994  ICT  conference. 
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Figure  8:  Drawing  of  Stack  Generator 

depending  on  boiler  rating  and  whether  only  the  pilot  is  burning 
or  both  the  pilot  and  main  burner  are  in  operation.  To  handle 
this  wide  difference  in  gas  temperature,  a  thermostat-actuated 
gas  diverging  valve  is  mounted  upstream  of  the  generator  hot 
side  compartment  to  divert  combustion  gas  into  and  through  the 
hot  side  compartment  transferring  heat  through  the  hot  side  heat 
exchanger  to  the  hot  side  of  the  thermoelectric  modules  when 
only  the  pilot  burner  is  operating  and  around  the  hot  side 
compartment  when  both  burners  are  in  operation. 

A  unique  feature  of  this  generator  is  that  it  uses 
induced  air  flow  to  cool  the  cold  side  heat  sink.  This  is 
accomplished  by  connecting  an  air  duct  between  the  cold  heat 
exchanger  and  a  venturi  section  located  within  the  stack  above 
the  generator  as  shown  in  Figure  8.  The  lower  pressure  in  the 
stack  at  the  throat  of  the  venturi  provides  adequate  suction  of  the 
air  flow  from  the  cold  side  heat  sink  compartment  to  cool  the 
heat  sink  without  consuming  any  energy.  Eliminating  the  fan 
also  eliminates  possible  gas  ignition  source. 

The  stack  generator  shown  is  capable  of  producing  28 
watts  of  power  at  3.3  volts.  Again,  this  power  can  be  used  in 
several  ways  to  provide  electricity  in  the  oil  and  gas  field.  It  is 
obvious  that  a  stack  generator  could  be  designed  and  built  to 
provide  much  higher  output  power  if  there  were  a  special  need. 

Conclusion 

We  have  shown  here  three  different  examples  of 
converting  waste  heat  to  electricity  in  the  oil  and  gas  field  using 
thermoelectrics.  These  methods  of  producing  useable  electric 
energy  do  not  add  additional  combustion  sources  within  the 
field  and  therefore  do  not  compromise  field  safety  in  any  way. 
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Abstract 

There  are  many  applications  where  theromelectric  (TE) 
coolers  can  be  used  effectively  as  power  generators.  In  fact, 
where  temperatures  are  less  than  500K,  TE  cooling  modules 
are  the  best  choice  for  power  generation,  whether  it  be  from  a 
cost  or  performance  standpoint.  The  literature  available  on 
this  subject  is  scarce  and  very  limited  in  scope.  This  paper 
describes  the  configuration,  limitations  and  performance  of 
TE  coolers  to  be  used  as  power  generators.  Also  presented 
are  performance  curves  generated  using  a  new  finite  element 
thermoelectric  model  [1].  This  enables  the  user  to  design  the 
optimum  TE  module  and  select  the  nearest  TE  module 
(normally  used  for  cooling)  for  this  power  generation 
application.  A  simple  process  is  presented  which  provides 
detailed  power  generation  specification  (temperatures,  watts 
in,  current  and  voltage  out)  using  the  TE  module’s  cooling 
specifications  ATmax,  Imax,  Vmax,  and  Qmax). 

Introduction 

Generation  of  electrical  power  via  thermoelectric  devices  has 
been  a  subject  of  interest  for  decades.  Basically, 
thermoelectric  power  generation  is  a  solid  state  means  of 
converting  heat  flow  directly  into  electrical  power  via  the 
Seebeck  effect.  High  temperature  energy  sources  have 
historically  been  utilized  because  of  the  inherent  higher 
efficiency  at  high  temperature  differences,  AT’s. 

However,  there  are  many  low  level  energy  sources  plentiful  in 
nature  which  are  candidates  for  thermoelectric  conversion. 
For  example:  ocean  thermals,  solar  energy,  steam  and  various 
forms  of  waste  heat.  TE  modules  normally  designed  for 
cooling  are  the  best  choice  for  these  applications  because  they 
are  manufactured  from  materials  of  highest  efficiency  at  these 
nominal  temperatures.  As  such,  they  represent  the  highest 
efficiency  devices  possible  for  use  as  thermoelectric  power 
generators  for  low  intensity  energy  sources. 

This  paper  discusses  some  of  the  unique  features  of  these 
versatile  devices  together  with  some  limitations  and 
precautions.  Finally,  design  curves  are  presented  enabling 
one  to  design  or  select  the  TE  module  to  convert  heat  flow  to 
DC  power  with  the  highest  level  of  performance 
thermoelectrics  can  provide. 

Theory  of  Operation 

A  thermoelectric  cooler  consists  of  several  N  &  P  pellets 
connected  electrically  in  series  and  thermally  in  parallel 
sandwiched  between  two  ceramic  plates  as  illustrated  in 
Figure  1.  The  bottom  plate  is  bonded  to  a  heat  sink  and,  with 
the  application  of  DC  current  of  proper  polarity,  heat  is 
pumped  from  the  top  plate  to  the  bottom  plate  and  into  the 
heat  sink,  where  it  is  dissipated  to  ambient.  The  resultant  is 


Qcold 


DC  POWER  SOURCE 
Figure  1.  TE  module  in  cooling  mode. 


Qhot 

_L 


Hot  Substrate 


- - 1 

ELECTRICAL  LOAD 

Figure  2.  TE  module  in  power  generation  mode. 


that  the  top  surface  becomes  cold.  The  top  surface  can  also 
supply  heat  by  simply  reversing  DC  polarity. 

The  same  unit  can  be  made  into  a  thermoelectric  power 
generator  by  simply  replacing  the  DC  source  with  the  load,  or 
item  to  receive  power,  and  apply  heat  to  the  top  surface  of  the 
TE  modules  as  illustrated  in  Figure  2.  Note  that  the  polarity 
of  the  power  delivered  is  opposite  the  polarity  for  cooling. 
Electrical  power  is  derived  from  the  movement  of  electrical 
carriers  brought  on  by  heat  flow  through  the  TE  pellets. 
Holes,  or  positive  carriers,  move  to  the  heat  sink  side  of  the  P- 
type  pellet  making  that  junction  electrically  positive. 
Similarly,  electron  flow  in  the  N-type  pellets  results  in  a  net 
negative  charge  at  the  heat  sink  side  of  the  N-type  pellet. 
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Coolers  versus  Generators 

Technologically,  most  commercial  TE  power  generators  have 
little  in  common  with  TE  coolers.  Coolers  have  maximum 
COP  or  cooling  “efficiency”  at  small  AT’s,  whereas, 
generators  have  maximum  efficiency  at  large  AT’s.  The 
resulting  high  operating  temperatures  of  TE  generators 
demand  different  assembly  technologies  than  for  typical 
coolers,  and  different  materials  such  as  FbTe  and  Si/Ge 
alloys. 

TE  coolers  are  composed  of  alloys  of  Bi,  Sb,  Te,  and  Se 
optimized  for  operation  in  the  temperature  range  of  180K  to 
500K.  These  materials  have  the  highest  thermoelectric 
efficiency  in  this  range.  Moreover,  they  have  the  highest 
efficiency  regardless  of  whether  the  devices  are  used  for 
cooling,  heat  pumping  or  for  power  generation. 
Consequently,  devices  normally  designed  for  cooling  are 
theoretically  the  most  efficient  TE  generators  to  convert 
relatively  low  intensity  energy  sources  with  maximum 
temperatures  of  550K. 

Limitations  and  Precautions 

There  are  some  important  practical  considerations  that  should 
be  made  before  attempting  to  use  TE  coolers  in  the  power 
generation  mode.  Perhaps  the  most  important  consideration 
is  the  question  of  survivability  of  the  module  at  the 
anticipated  maximum  temperature.  Many  standard  TE 
cooling  modules  are  fabricated  with  eutectic  Bi/Sn  solder 
which  melts  at  approximately  138°C.  However,  there  are 
some  coolers  being  offered  employing  higher  temperature 
solders  designed  for  operation  at  temperatures  of  200°C,  even 
approaching  300°C. 

In  any  case,  consideration  should  be  given  to  operational 
lifetime  of  a  TE  module  exposed  to  high  temperatures. 
Contaminants  or  even  constituents  of  the  solder  can  rapidly 
diffuse  into  the  TE  material  at  high  temperatures  and  degrade 
performance  and,  in  extreme  cases,  can  cause  catastrophic 
failure.  This  process  can  be  controlled  by  the  application  of  a 
diffusion  barrier  onto  the  TE  material.  However,  some 
manufactures  of  TE  coolers  employ  no  barrier  material  at  all 
between  the  solder  and  the  TE  material.  Although 
application  of  a  barrier  material  is  generally  standard  on  the 
“high  temperature”  TE  cooling  modules  manufactured,  they 
are  mostly  intended  for  only  short-term  survivability  and  may 
or  may  not  provide  adequate  MTBF’s  (Mean  Time  Between 
Failures)  at  elevated  temperatures.  In  summary,  if  one 
expects  to  operate  a  TE  cooling  module  in  the  power 
generation  mode,  qualification  testing  should  be  done  to 
assure  long-term  operation  at  the  maximum  expected 
operating  temperature. 

Performance  Calculations 

The  finite  element  thermal  model  for  a  power  generator 
developed  by  Laufl]  was  used  to  calculate  the  maximum 
efficiency  conditions  of  a  TE  module  as  a  function  of  Tcold 
for  selected  constant  values  of  Thot.  This  thermal  model  was 
especially  effective  for  these  calculations  because,  although 
the  temperature  gradient  can  be  quite  linear  over  a  fairly  large 
temperature  difference,  AT,  the  kinetic  TE  properties  are  not 


linear  with  temperature.  Thus,  these  data  are  a  marked 
improvement  over  those  developed  from  equations  using 
“temperature  averaged”  TE  material  parameters.  The 
calculations  produced  from  this  model  were  the  maximum 
efficiency,  E;  the  voltage,  V;  and  the  current,  I;  of  an 
arbitrarily  chosen  TE  module  at  this  maximum  efficiency 
point.  Of  course,  E  is  non-dimensional  and,  therefore, 
applies  to  all  TE  modules  fabricated  from  the  TE  materials 
whose  temperature  dependent  properties  were  used  in  the 
calculations.  To  normalize  (and  generalize)  V  and  I,  these 
values  were  divided  by  Vmax  and  Imax  which  are  the  voltage 
and  current  where  maximum  cooling  AT  would  be  achieved 
in  a  vacuum  with  the  base  plate  held  at  a  constant  300K. 
This  condition  is  the  usual  performance  specification  by  most, 
if  not  all,  TE  cooling  module  manufacturers  of  the  world.  It 
is  for  this  reason  why  the  power  generation  values  V  and  I 
where  normalized  to  V/Vmax  and  I/Imax.  That  is,  not  only 
does  it  generalize  the  results  for  all  TE  modules  with  a 
ATmax  of  approximately  67°C,  it  allows  for  easy 
identification  of  the  TE  module  (or  set  of  modules)  needed  to 
meet  the  desired  power  output  from  the  generator.  The  final 
results  of  these  calculations  are  illustrated  in  Figures  3,  4  and 
5.  Figure  3  is  the  maximum  efficiency,  E,  obtainable  from 
typical  thermoelectric  "cooling"  modules  with  boundary 
temperatures  Tcold  and  Thot.  The  corresponding  optimum 
values  of  V/Vmax  and  I/Imax  for  each  combination  of  Tcold 
and  Thot  are  shown  in  Figures  4  and  5. 


These  curves  provide  a  simple  graphical  method  to  design  or 
analyze  TE  power  generators  given  only  these  boundary 
temperatures  as  shown  in  Figure  2.  That  is,  the  optimum 
variable  set  E,  V/Vmax,  and  I/Imax  is  determinable  by 
reading  from  the  figures  given  only  Thot  and  Tcold.  TE 
module  specifications,  Imax  and  Vmax  are  subsequently 
determinable  from  these  graphically  determined  ratio 
parameters  using  the  user-desired  power  generator  output 
current  (I)  and  voltage  (V). 
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Tcold  (K) 


Thot(K) 

Figure  4.  V/Vmax  of  a  thermoelectric  module  as  a  function  of 

junction  temperatures. _ 

The  amount  of  applied  heat  (Qhot)  required  at  the  hot  side  of 
the  module  is  determinable  from  the  formula  for  efficiency: 

E  =  I  *  V  /  Qhot  (1) 

Electrical  power  is  derived  from  energy  flow,  not  just  high 
temperature.  Therefore,  no  TE  generation  system  is  complete 
without  some  means  of  heat  sinking  or  dissipating  the  waste 
heat  from  the  cold  side  (See  Fig.  2).  The  overall  performance 
of  the  heat  sink  is  characterized  by  the  heat  sink  resistance 
(HSR).  This  value  is  a  measure  of  the  temperature  rise  of  the 
heat  sink  (Tcold)  above  ambient  temperature  (Ta)  per  watt  of 
heat  dissipated.  This  heat  is  essentially  the  applied  heat 
(Qhot)  at  the  hot  side  less  the  heat  converted  to  electricity: 

HSR  =  (Tcold  -  Ta)  /  (Qhot  -  IV)  (2) 

Examples 

Two  examples  will  be  presented  to  provide  an  understanding 
of  the  use  of  the  performance  curves  for  two  types  of  typical 
power  generation  applications. 

Example  1:  A  thermoelectric  power  generator  is  to  be  used  to 
supply  power  to  a  small  sensing  electronic  system  in  a  remote 
section  of  a  processing  plant  using  waste  heat.  The  following 
conditions  are  given: 


KNOWN 

UNKNOWN 

a)  Thot  =  440K 

f)  E 

b)  Tcold  =  350K 

g)  Vmax 

c)  V=  1.5  volts 

h)  Imax 

d)  I  =  0.6  amps 

i)  HSR 

e)  Ta  =  300K 

j)  TE  Module 

STEP  FUNCTION 

RESULT 

1  Read  E  from  Fig.  3 

E  =  3.0% 

2  Read  V/Vmax  from  Fig.  4 

V/Vmax  =  0.18 

3  Read  1/Imax  from  Fig.  5 

I/Imax  -  0. 16 

4  Calculate  Vmax  from  c  &  2 

Vmax  =8.33  volts 

5  Calculate  Imax  from  d  &  3 

Imax  =  3.75  amps 

6  Calculate  Qhot  =  I*V  /  E 

Qhot  =  30.0  watts 

7  Calculate  HSR  (Eq.  2) 

HSR  =  1.7°C/W 

Figure  5.  I/Imax  of  a  thermoelectric  module  as  a  function  of 

junction  temperatures. _ 

Two  options  exist  to  the  designer  at  this  point:  1)  fabricate  a 
custom  module  built  to  the  optimum  design  or;  2)  select  a 
standard  (HT)  module,  with  the  next  largest  Vmax  and  Imax. 
Note,  however,  that  although  that  standard  module  will  have 
ultimate  capacity  to  deliver  the  needed  I  and  V,  this  off- 
optimum  design  will  have  lower  efficiency  than  the  optimum 
module  design  depending  on  the  degree  of  adjustment  made. 
The  TE  module  with  approximately  these  specifications  is  a 
standard  amongst  most  TE  cooling  module  manufacturer’s 
specifications  as  a  71  couple,  4.0  amp  module. 

Example  2:  A  solar  collector  is  used  to  charge  a  12  volt 
battery.  It  delivers  a  known  flow  of  heat  to  a  TE  power 
generator  with  a  known  HSR.  The  following  conditions  and 
requirements  are  shown  below.  Note  that  in  this  example 
both  Tcold  and  Thot  are  not  given. 


KNOWN 

UNKNOWN 

a)  Qhot  =  188  watts 

f)  Tcold 

b)  HSR  =  0. 14°C/W 

g)  Thot 

c)  Ta  =  295K 

h)  Vmax 

d)  V  =  15  volts 

i)  Imax 

e)  I  =  0.5  amps 

j)  TE  Module 

STEP  FUNCTION 

RESULT 

1  Calculate  E  (Eq.  1) 

E  =  4.0% 

2  Calculate  Tcold  (Eq.  2) 

Tcold  =320K 

3  Read  Thot  from  Fig.  3 

Thot  =  430K 

4  Read  V/Vmax  from  Fig.  4 

V/Vmax  =  0.21 

5  Read  I/Imax  from  Fig.  5 

I/Imax  =  0.20 

6  Calculate  Vmax  from  d  &  4 

Vmax=  71.4  volts 

7  Calculate  Imax  from  e  &  5 

Imax=  2.5  amps 

There  are  many  standard  TE  modules  to  choose  from  with  an 
Imax  of  2.5  amps.  However,  none  of  them  have  a  value  of 
Vmax  near  the  specified  71.4  volts.  However,  the  set  of  3 
each  127  couple  modules  (Vmax=15.4V)  plus  3  each  71 
couple  modules  (Imax=8.6V),  all  wired  electrically  in  series,, 
would  have  a  Vmax  of  72  V,  but  still  with  and  Imax  of  2.5 
amps.  Clearly,  this  set  meets  the  requirement. 
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Conclusions 

Thermoelectric  coolers  can  be  used  as  power  generators  using 
low  intensity  energy  sources  if  consideration  is  made  for 
effects  of  exposure  to  high  temperatures.  Moreover,  they 
provide  the  highest  conversion  efficiency  thermoelectrics  can 
provide,  at  temperatures  below  550K,  since  they  are 
fabricated  from  the  highest  performance  material  available 
for  that  temperature  range. 

The  data  presented  herein  are  based  on  standard  TE  materials 
which  produce  68K  ATmax  at  a  300K  hot  side  temperature  in 
a  vacuum  environment.  TE  modules  with  a  higher  ATmax 
would,  of  course,  produce  a  proportionally  higher  power 
generation  performance.  Therefore,  subject  to  the  precautions 
2nd  limitations  described  herein,  the  design  curves  presented 
in  this  paper  enable  the  designer  to  define  the  ultimate 
capacity  of  thermoelectrics  for  use  as  a  low-intensity  power 
generator  and  to  define  in  detail  the  actual  device  required. 
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Abstract 

This  paper  presents  applicability  of  a  commercially  available 
thermoelectric  generator  for  waste  heat  recovery  in  a 
processing  plant  of  combustible  solid  waste.  Heat  transfer 
medium  oil  is  utilized  for  heating  of  the  commercially  available 
thermoelectric  generator  employed  in  this  study  so  that  the 
generator  could  be  operated  in  much  lower  pressure  than  using 
of  water.  Low  pressure  operation  is  not  only  reliable,  it  should 
have  also  safety  and  low  maintenance  cost.  Each  generator 
provides  more  than  500W  and  achieves  relatively  high 
efficiency  with  temperature  of  220degC  hot  oil  and  around 
30degC  cold  water.  The  result  of  the  survey  of  a  fitted  position 
of  a  thermoelectric  generator  to  a  processing  plant  of 
combustible  solid  waste  is  summarized  in  this  paper.  Generator 
economics  and  goals  of  a  thermoelectric  generator  to  produce 
power  in  the  similar  rates  of  a  steam  turbine  are  also 
summarized  to  discuss  applicability  of  a  commercially 
available  thermoelectric  generator. 


Conception  of  the  Generating  System 

In  this  paper  applicability  of  thermoelectric  generator  into  a 
processing  plant  of  combustible  solid  waste  is  discussed  from 
the  point  of  view  where  is  the  ideal  position  for  the  installation 
of  a  thermoelectric  generator.  Five  positions  which  are 
investigated  in  the  installation  of  thermoelectric  generator  are 
illustrated  in  Figure  I.  Cooling  methods,  thermal  conditions, 
adequate  thermoelectric  materials  and  issue  of  installation  of 
thermoelectric  generator,  which  are  investigated  respectively 
about  the  installation  position,  are  summarized  in  Table  1 . 

In  any  case  amounts  of  heat  flux  applied  for  generation  is 
restricted,  and  the  fluctuation  of  heat  source  temperature  and 
heat  transfer  condition  should  be  large,  so  it  is  necessary  to  take 
effort  to  use  waste  heat  totally  in  a  processing  plant .  In  case  of 
total  usage  of  separate  heat  sources,  heat  transfer  from  a  heat 
source  to  heat  transfer  medium  oil  is  the  best  way  to  intensive 
usage  of  waste  heat.  Thus,  in  this  paper,  a  commercially 
available  thermoelectric  generator  employing  heat  transfer 


(2)  Stoker  top  ( 3  )  Economizer 


:  Flow  of  combustion  gas 


4  )  Vent  of  an  economizer 


©Trash  pit  ©Trash  crane  ©Stoker  ©Boiler 
©Economizer  ©Ractive  vaporizer  ©Bagfilter 
©DeNOX  reactor  ©Inductive  fan  ©Chimney 
©Ash  pit 

Figure  1  Thermoelectric  generator  in  processing  plant  of  combustible  solid  waste 
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Table  1  Summary  of  installations  of  thermoelectric  generators 


Location 

Heat 
transfer 
to  OIL 

Cooling 

Junction 
Temp.fC] 
(Hot  side) 

Junction 

Temp.rC] 

(Cold  side) 

Usable  material 

Major  point  at  issue 

Stoker  wall 

No 

Water  or  Indirect  air 
cooling 

300~700 

100~200 

FeSi2,PbTe,Bi-Te 

Damage  by  mechanical  shock 
at  removing  scale 

t 

Yes 

t 

250~400 

80—160 

FeSi2J’bTe,Bi-Te 

t 

Stoker  top 

No 

t 

250~400 

80~160 

PbTe,Bi-Te 

Heat  recovery  in  contaminatio 

t 

Yes 

t 

250-350 

80-150 

PbTeJBi-Te 

t 

Economizer 

NO 

t 

200~350 

80~130 

Bi-Te 

Heat  recovery  efficiency  of 
an  economizer 

t 

Yes 

t 

200~300 

8 

N> 

O 

Bi-Te 

t 

Vent  of  a  economizer 

No 

t 

200~300 

80-130 

Bi-Te 

Less  amount  of  usable  heat 

t 

Yes 

t 

200~250 

80-120 

Bi-Te 

t 

Condensor 

No 

Water  cooling 

50~75 

20~30 

Bi-Te 

t 

medium  oil  is  experimentally  and  theoretically  investigated  for 
waste  heat  recovery  in  the  processing  plant  of  combustible  solid 
waste. 

A  test  of  a  commercially  available  thermoelectric  generator 

The  experimental  apparatus  for  the  test  of  a  commercially 
available  thermoelectric  generator  tested  is  illustrated  in  Figure 
2  .The  tested  generator  (ALTEC)  employs  160  thermoelectric 
modules  which  are  connected  40  in  series  and  4  in  parallel  as 
shown  in  Figure  3.  Each  module  has  252  legs  and  indicates 
performance  shown  in  Figure  4.  Appearance  of  ALTEC  is 
illustrated  with  its  dimensions  in  Figure  5. 


Experimental  Results 

The  voltage  and  electrical  output  are  measured  with  load 
current  in  various  condition  of  a  temperature  of  heat  transfer 
medium  oil.  In  this  test  a  temperature  of  cooling  water  is 
controlled  to  be  25degC  and  a  flow  rate  of  cooling  water  and 
heat  transfer  medium  oil  is  6.0  liter/min  and  10.8  liter/min 
respectively.  These  data  are  displayed  in  Figure  6  and  Figure  7. 
In  Figure  8  the  gross  power,  required  circulating  power  and  the 
net  power  of  the  thermoelectric  generator  are  displayed  as  a 
function  of  the  flow  rate  of  heat  transfer  medium  oil.  The 
required  circulating  power  is  calculated  by  using  loss  head 
measured  in  the  test  of  ALTEC.  To  calculate  the  net  power  the 
total  loss  head  is  supposed  to  be  twice  of  the  loss  head  in 


Figure  2  An  experimental  apparatus  for  the  test  of  a  commercially  available  thermoelectric  generator 
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Figure  3  The  configuration  of  the  commercially  available 
thermoelectric  generator  (ALTEC) 
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Figure  6  Voltage  vs  current  in  various  temperatures 
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Figure  4  Performance  of  the  thermoelectrical  module  employed  Figure  7  Elctrical  outputs  vs  current  in  various  temperatures 
in  ALTEC  [1]  _ _ 
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Figure  5  Appearance  of  a  generator  (ALTEC) 
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Figure  8  Gross  power,  net  power  and  required  pumping  power 
as  functions  of  flow  rate  of  heat  transfer  medium  oil 
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ALTEC.  An  increase  of  flow  rates  causes  not  only  an  increase 
of  electrical  output  but  an  increase  of  the  friction  head  in  the 
generator.  Thus  excessive  increase  of  flow  rate  causes  a 
decrease  of  net  power  of  generator,  which  is  subtracted  required 
pumping  power  from  gross  power  of  the  generator  as  shown 
Figure  8. 

Computer  Analysis  and  Discussion 

When  an  electricity  is  generated  from  waste  heat  in  free  of 
charge,  the  generator  cost  based  on  the  net  power  rather  than  the 
efficiency  is  more  influential  parameter  to  minimize  the 
generating  cost.  So  an  optimum  operation  of  the  thermoelectric 
generator  for  a  processing  plant  of  combustible  solid  waste  was 
surveyed  in  referring  of  experimental  data  of  ALTEC  for 
variety  of  the  thermal  condition.  For  the  desirable  operation  of 
the  thermoelectric  generator  optimum  flow  rates  of  heat  media 
shown  in  Figure  9  are  determined,  on  the  basis  of  ALTEC,  as  a 
function  of  a  temperature  difference  of  heat  media. 

In  the  next  total  economics  of  a  thermoelectric  generation  by 
commercially  available  generators  was  investigated  on  the 
basis  of  a  net  power  of  ALTEC.  When  dT=180K  and  operated 
with  optimum  flow  rates,  a  net  power  attains  to  70%  of  a  gross 
power.  In  this  case  for  10  years  operation  the  thermoelectric 
generator  obtains  30,660kWh,  which  is  equivalent  to  about 
2^00  dollars.  So  allowing  for  a  pipe  work  and  installation  of 
pumps[2],  a  cost  of  a  thermoelectric  generator  for  waste  heat 
recovery  should  be  reduced  to  around  1 ,000  dollars  per  kW  at 
most. 

Summary 

The  optimum  operation  and  the  economics  of  the  commercially 
available  thermoelectric  generator  are  presented  in  this  paper. 
For  the  commercial  generation  of  electricity  a  configuration  of 
a  thermoelectric  generator  should  be  extremely  simpler  than 
ALTEC  to  reduce  a  production  cost. 
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ABSTRACT 

The  paper  discusses  the  role  and  the  significance  of  the 
radionuclide  thermoelectric  generators  in  space  researches 
while  using  them  as  reliable  long-life  service  autonomous 
sources  of  power  and  heat  supply.  There  are  considered 
approaches  connected  with  the  RTG  design  and  the  provision 
them  with  the  radiation  safety  in  the  standard  and  emergency 
situations.  There  are  given  the  main  characteristics  of  basic 
RTG  which  were  used  in  USA  and  Russia  space  programs. 
The  prospects  of  the  use  of  RTG  in  future  USA,  Russia  and 
ESA  space  programs  are  shown. 

INTRODUCTION 

One  of  the  main  problems  meeting  the  developers  of  any 
space  program,  and  often  restricting  the  circle  and  the  depth 
of  solving  problems,  is  a  problem  of  a  reliable  power  supply 
of  the  SC  support  and  scientific  equipment.  Solar  panels, 
chemical  current  sources,  fuel  elements  and,  at  last, 
radionuclide  thermoelectric  generators  (RTG)  should  help, 
each  in  its  field,  to  solve  the  standing  problem.  The  RTG  use 
as  autonomous  power  supply  sources  of  the  SC  on-board 
equipment  became  expedient  and,  in  some  cases  sole,  for 
solving  space  programs  due  to  their  unique  technical  and 
operational  characteristics,  namely: 

full  autonomy  and  high  reliability  during  the  service  life; 
independence  of  the  action  of  the  solar  radiation; 
high  specific  power  capacity  (up  to  100  kWh  h/kg); 
high  life  service  (up  to  20  years);possibility  of  the  use  of  the 
spent  heat  of  the  equipment  heating; 

possibility  of  the  work  with  the  buffer  accumulating  systems; 
high  quality  of  the  used  power. 

By  present,  using  RTG  there  have  been  performed  a 
number  of  space  programs  on  researching  the  Moon,  Mars 
and  other  planets  of  the  Solar  system  [1].  Together  with  the 
incontestable  advantages  RTGs  have  the  essential  drawback 
lying  in  the  potential  danger  of  the  radioactive  pollution  of 
the  environment  in  case  of  the  seal  failing  of  the  capsule  with 
the  radionuclide  (radionuclide  source  of  the  heat  -  RSH). 
Especially  keenly  this  problem  appears  while  launching  the 
SC  with  RTG  aboard  when  the  appearance  of  extremely  hard 
emergency  situations  is  possible  with  the  rocket  carrier  (RC) 
during  the  launch  and  in  the  region  of  the  SC  ejection  into 
the  supporting  orbit  and  the  calculating  trajectory.  In  these 
cases  RTG  can  be  effected  by  extremal  influences  caused  by: 
the  explosion  of  the  RC  and,  as  a  consequence  of  it  ,  the 
generation  of  the  explosive  wave  and  the  formation  of 
fragments  of  different  masses  with  various  rates  of  scattering; 
the  fire  and  the  burning  of  the  rocket  fuel  components  with 


the  temperature  in  the  epicenter  up  to  3800  C;  the  descent  in 
the  dense  layers  of  the  atmosphere  by  gentle  or  steep  ballistic 
trajectories,  accompanied  by  the  aerodynamic  heating, 
thermal  shock,  mechanical  overloads;  the  blow  on  the  Earth 
surface  with  the  blow  rates  up  to  80  m/sec;  the  fall  on  the 
ocean  bottom  and  the  effect  of  the  hydrostatic  pressure  up  to 
1000  atm.  etc. 

The  problem  of  the  provision  of  the  RTG  radiation  safety 
under  the  given  conditions  is  solved  due  to  the  preservation  of 
the  integrity  of  the  capsule  with  the  radionuclide  and  the  use 
of  the  radioactive  matter  in  the  form  of  the  chemical 
composition  with  a  high  melting  temperature,  not  soluble  in 
water,  alkaline  solutions,  acids  and  not  diffused  in  air. 

By  this  time,  the  sole  radionuclide,  meeting  all  above- 
mentioned  requirements  and  having  the  acceptable  radiation 
and  physical  characteristics,  is  plutonium-238.  Plutonium- 
238  in  RTGs  is  used  as  tablets  of  plutonium  dioxide,  caked  at 
the  temperature  of  1200  C,  which  are  placed  in  the  sealed 
multishell  capsule,  additionally  surrounded  with  the  thermal 
protective  body  of  the  carbon-carbon  materials.  Such  a 
construction  is  named  as  a  radionuclide  heat  units  -  RHU. 
The  development,  design  and  creation  of  RHU  should  be  done 
in  full  correspondence  with  the  Principles  referring  the  use  of 
nuclear  power  sources  in  Space,  approved  by  the  United 
Nations  General  Assembly  in  resolution  47/68  of  December 
14,  1992  [2].  According  to  this  document  RTGs  can  be  used 
in  space  only  in  cases  if  the  physical  form  of  the  radioactive 
matter  used  in  them  and  the  system  of  the  protective  shells 
guarantee  the  absence  of  the  ejection  of  the  radioactive  matter 
into  the  environment  during  the  standard  use  and  during  the 
emergency  effects  connected  with  the  unstandard  situations 
which  can  appear  during  the  SC  launch  and  ejection  into  the 
supporting  orbit  and  the  calculating  trajectory. 

1,  STATUS  OF  RTG  DEVELOPMENT  FOR  SPACE  IN 

USA 

In  USA  the  developments  of  RTG  for  space  were 
performed  by  the  SNAP  program  (Systems  for  nuclear 
auxiliary  Power)  [31], The  first  RTG  (SNAP-3B)  on 
plutonium-238  with  the  electric  power  of  2.7  W  was  launched 
into  the  near-Earth  orbit  in  1961  in  the  composition  of  the 
on-board  equipment  of  the  navigation  satellite  “Transit-4B” 
By  present,  in  USA  there  have  been  done  25  launches  of  SC 
with  RTGs  aboard.  In  all  there  were  launched  in  space  40 
RTGs  with  the  general  number  of  plutonium  of  about  105  kg. 
RTGs  were  used  in  the  composition  of  the  navigation 
satellites  (‘Transit”  series),  communication  satellites  (LES 
series),  meteorological  satellites  (“Nimbus”  series),  spacecraft 
for  searching  the  Moon  (“Apollo”  series).  Mars  (Viking- 1, 
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and  2),  Far  space  (“Pioneer-10,  11”,  “Voyager-1,  2”, 
“Gallileo”,  “Uliss”  [1]. 

The  logical  result  of  the  completion  of  works  on  the 
SNAP  program  was  the  creation  of  fully  unified  RTG  by  the 
middle  of  80th,  the  so  called  module  isotopic  thermal 
generator  (MUG),  afterwards  named  as  [GPHS-RTG,  9], 
[4]. 

The  typical  peculiarity  of  the  design  of  this  RTG  was, 
together  with  the  achievement  of  optimum  electrical 
characteristics,  the  possibility  to  vary  the  level  of  its  electric 
power  from  tens  of  Watts  up  to  hundreds  of  Watts  due  to  the 
use  of  the  standard  radionuclide  heat  units  (GPHS)  and 
sections  of  thermal  and  electric  panels  while  its 
manufacturing.  Taking  into  the  account  the  fact  that  in  this 
case  there  was  achieved  a  high  level  of  the  radiation  safety. 

GPHS-RTG  was  recommended  as  a  main  source  of  power 
supply  for  all  following  programs  on  Far  space  researches. 
Table  1  gives  the  main  characteristics  of  GPHS-RTG. 

GPHS-RTG  was  firstly  mounted  on  the  “Gallileo”  SC 
which  was  launched  in  space  in  October,  1989.  The  purpose 
of  the  expedition  was  the  research  of  Jupiter  from  the  fly-by 
orbit  and  by  the  probe  landed  on  its  surface.  The  “Gallileo” 
SC  reached  Jupiter  in  August  1994  and  from  its  board  there 
was  photographed  the  reverse  side  (invisible  from  the  Earth) 
of  the  planet  during  its  collision  with  the  Shumeike-ra-Levi 
comet.  At  present,  the  researches  on  the  “Gallileo”  program 
are  being  continued.  GPHS-RTG  was  used  on  the  “Uliss  SC, 
launched  in  October  1990,  as  a  main  source  of  the  power 
supply.  The  task  of  the  “Uliss”  SC  was  the  research  of  the 
nearest  vicinities  of  the  Sun  (corona,  solar  wing,  magnetic 
field,  solar  radiation  etc.). 


Table  1.  Main  Characteristics  of  GPHS-RTG 


Name  of  the  parameter 

Value 

Electrical  power,  W 

-  beginning  of  the  resource 

276 

-  end  of  the  resource  (16 

211 

years) 

Output  voltage,  V 

30 

Fuel 

Pu23802 

Fuel  mass,  kg 

10.9 

Heat  power,  W 

4284 

Number  of  single  modules 

of  GPHS,  unit. 

18 

Thermoelectric  materials 

Si-Ge 

Temperature  of  “hot 

seam”,  C 

980 

Efficiency,  % 

6.4 

Sizes,  m 

-  diameter 

0.427 

-  height 

1.13 

Weight,  kg 

56.2 

Service  life,  years 

16 

In  October  1997  USA  are  planning  to  launch  the  space 
expedition  on  the  “KASSINI”  project  to  research  Saturn.  The 
SC  will  include  3  GPHS-RTG  and  157  tiny  radionuclide  heat 


units  for  the  control  of  the  temperature  in  compartments  with 
scientific  equipment. 

2  STATUS  OF  RTG  DEVELOPMENT  FOR  SPACE  IN 
RUSSIA 

In  the  USSR  the  practical  use  of  RTG  in  space  refers  to 
1965  when  for  supplying  the  onboard  equipment  of  the  Earth 
artificial  satellites  “Cosmos-84”  and ‘  Cosmos-90  there  were 
used  RTGs  on  polonium-210  with  the  conditional  name 
“Orion-1”  and  “Orion-2”.  In  1969  and  1971  for  heating  the 
compartment  with  “Lunokhod- 1”  and  Lunokhod-2 
equipment  there  were  used  radionuclide  heat  units  on 
polonium-2 1 0  with  the  power  of  800  W. 

As  is  known  not  RTG  were  then  used  in  space  in  the 
USSR  but  the  nuclear  power  plants  (NPP)  with  thermoelectric 
conversion  (NPP  “Buk”)  which  were  used  in  the  satellites  of 
the  “Cosmos”  series  intended  for  the  sea  radiation  probing 
and  for  the  radar  investigation  of  the  ocean. 

The  output  electrical  power  of  NPP  “Buk”,  2.5-3  KW,  was 
generated  due  to  the  thermoelectrically  conversion  of  the  heat 
released  in  the  nuclear  reactor  by  the  heat  power  of  100  kW. 
More  than  30  plants  “Buk”  were  launched  within  the  period 
from  1970-1988. 

In  1987-1988  two  NPP  ‘Topaz”  with  the  electrical  power 
of  6  kW  with  the  thermoemission  conversion  of  the  heat 
energy  passed  successful  flight  tests  on  “Cosmos-1818  and 
“Cosmos- 1867”  satellites.  The  nuclear  power  plants  of  the 
“Buk”  and  ‘Topaz”  type  were  intended  only  for  the  use  in  the 
near-Earth  space  as  their  life  time  resource  was  limited  to  1-2 
years. 

The  problem  of  the  space  RTG  development  for  the 
fulfillment  of  the  Russian  space  programs  became  again 
actual  with  the  beginning  of  the  realization  of  the 
International  project  Mars-96  on  the  complex  research  of 
Mars  (Fig.  1)  which  as  is  known  has  been  ended  with  the 
unsuccessful  launch  of  the  “Mars-96”  SC.  By  this  project 
small  autonomous  stations  (SAS)  and  penetrators  (PN) 
intended  for  the  long  work  under  Martian  conditions  should 
have  been  shot  on  the  Mars  surface  from  the  orbite. 

To  provide  the  operation  of  the  scientific  equipment, 
processing  and  transmission  of  the  obtained  information  the 
orbite  included  RTG  in  the  SAS  and  PN  composition  with 
the  electrical  power  of  200  and  400  mW,  respectively,  and 
radionuclide  heat  units  with  the  heat  power  of  8.5  W  intended 
for  the  station  equipment  heating  (RHU  “Angel”). 

The  radionuclide  heat  units  “Angel”  were  used  both 
autonomously  and  in  the  RTG  composition.  The  pilled 
plutonium-238  dioxide  was  the  radionuclide  fuel  for  them. 
The  radiation  safety  was  provided  with  the  physical  form  of 
the  used  radionuclide,  with  the  design  of  the  heat  unit  and 
with  the  use  while  its  manufacturing  of  anticorrosive,  heat- 
resistant  materials  and  coatings,  including  heatprotective 
materials  on  the  basis  of  composition  graphite  materials. 

Tables  2  and  3  give  the  main  parameters  of  HU  and  RTG 
“Angel”. 
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By  the  results  of  the  ground  tests  the  HU  “Angel”  was 
certificated  by  the  Center  of  the  certification  of  the  rocket  and 
space  technics  of  the  Russian  Space  Agency  for  the  safety  of 
its  use  in  space  [5]. 

Despite  a  small  number  of  plutonium-238  (in  comparison 
with  the  American  projects)  used  in  RTG  “Angel”  for  the 
“Mars-96”  project  ,  and  a  milliwatt  level  of  their  output 
power,  the  completion  of  the  developments  of  such  RTG  has 
a  principle  important  significance  for  the  Russian  space 
programs  on  the  Far  Space  researches. 

Table  2.  Main  Characteristics  of  the  RHU  “Angel”  for  the 
“Mars-96”  SC 


Name  of  the  parameter 

Value 

Heat  power,  W 

85 

Fuel 

plutonium-238  dioxide 

Mass  of  Pu-238,g 

15 

Sizes,  mm 

diameter 

40 

height 

60 

Mass,  kg 

0.2 

Design  materials: 

multishell 

1st  shell  -  anticorrosive 

platinum-rhodium  melts 

2nd  shell  -  power 

tantalum-tungsten  melts 

3d  shell  -  heatprotective 

carbon-carbonic 

composition  materials 

Service  life,  years 

10 

Table  3.  Main  Characteristics  of  the  RTG  “Angel”  for  the 
“Mars-96”  SC 


Name  of  the  parameter 

Value 

Electrical  power,  W 

0.22 

Voltage,  V 

15 

Fuel 

Pu-238  dioxide 

Heat  power,  W 

8.5 

Thermoelectric  battery 

telluride's  vismuth 

Temperature  of  “hot 
seams”,  C 

160 

Efficiency,  % 

2.6 

Sizes,  mm 
-  diameter 

85 

-  height 

125 

Mass,  kg 

0.5 

Service  life,  years 

10 

First,  it  is  caused  by  the  fact  that  in  Russia  there  has  been 
fully  completed  the  development  of  RTG  on  plutonium-238  of 
space  purpose  with  the  manufacture  of  flight  samples 
satisfying  both  national  and  international  requirements  on  the 
radiation  safety. 

Second,  the  radionuclide  heat  units,  as  potentially 
dangerous  for  the  SC  environment,  were  officially  certificated 
by  the  state  bodies  for  the  safety  of  the  use  in  space. 

Third,  the  analysis  of  the  existing  approach  in  Russia  and 
USA  on  the  provision  of  the  space  RTG  radiation  safety  and 
their  certification  for  the  safety  of  their  use  in  the  SC 


composition  showed  the  proximity  in  this  problem  solution 
both  in  the  certification  of  such  products  and  in  the  scope  of 
RTG  tests  during  the  standard  usage  and  emergency 
situations. 

Fourth,  the  RTG  creation  for  the  “Mars-96”  project  opens 
the  prospects  of  the  RTG  use  in  other  national  and 
international  space  programs,  which  are  planned  to  be 
fulfilled  in  future. 

3.  THE  USE  OF  RTG  IN  THE  EUROPEAN  SPACE 
AGENCY  SPACE  PROGRAMS 

By  present  there  exists  a  number  of  projects  developed  by 
ESA  which  plan  to  use  the  radionuclide  power  sources.  One 
of  the  most  perspective  is  the  “Rosette”  project.  This  project 
SC  is  planned  to  be  launched  in  January,  2003,  for  the 
rendezvous  with  the  P/WIRT  ANEN  comet  in  2011  at  the 
distance  of  3  astronomical  units  from  the  Sun.  “Rosette”  will 
consist  of  2  small  landers  (RoLand)  which  will  be  shot  on  the 
comet  surface  for  performing  a  wide  scope  of  scientific 
researches. 

The  consortium  formed  of  the  leading  institutes  of  Europe 
includes  the  scientific  organizations  of  Germany,  Finland, 
Italy,  Hungary,  Great  Britain  and  Austria. 

“RoLand”  is  a  small  (45  kg)  compact  research  station  of 
the  cubic  form  (the  cube  side  length  is  90  cm)  will  be  landed 
on  the  comet  surface  for  investigating  the  physical  and 
chemical  composition  of  the  comet  soil,  its  elementary 
composition  etc. 

“RoLand”  includes  the  solar  generator  and  RHU  on 
plutonium-238  of  the  RHU  “Angel”  type.  By  the  opinion  of 
the  project  experts,  the  RHU  use  is  the  most  desirable, 
sensible  and  reliable  means  for  achieving  the  main  goal  of  the 
“RoLand  mission”. 

4.  THE  PERSPECTIVE  OF  THE  RTG  USE  IN  SPACE 
PROGRAMS  OF  THE  XXI  CENTURY 

In  the  nearest  years  some  space  programs  on  a  number  of 
international  projects  with  the  use  of  RTG  of  American  and 
Russian  manufacture  are  planned  to  be  developed  and 
realized. 

In  2001  it  is  planned  to  continue  the  complex  researches 
of  Mars  in  correspondence  with  the  Russian-American 
project  “Mars  together”.  By  this  project  the  orbiter  and  the 
scientific  complex  are  being  developed  by  the  American  side, 
and  the  rover,  shot  on  the  Mars  surface,  and  a  part  of 
scientific  equipment  -  by  the  Russian  experts. 

The  SC  will  be  launched  by  the  Russian  rocket-carrier 
(RC  “Molniya”)  from  the  Russian  launching  site  “Plesetzk”. 
For  the  rover  operation  there  will  be  used  the  radionuclide 
heat  units  “Angel”  and  RTG  with  preliminary  electric  power 
of  3-5  W  which  will  be  developed  and  manufactured  in 
Russia. 

The  future  step  of  the  Russian-American  space 
cooperation  in  the  Far  space  exploration  which  will  use  RTG 
is  the  “Solar  probe”  project  for  the  direct  investigations  of  the 
Sun  coronas,  solar  wind  and  other  important  parameters  of 
the  near-Sun  space. 
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Two  SC  of  American  and  Russian  manufacture  are 
planned  to  be  launched  by  one  RC  from  the  “Plesetzk 
launching  site.  Aboard  the  American  SC  there  will  be  used 
RTG  of  the  GPHS-RTG  type,  on  the  Russian  SC  RTG  will  be 
used  with  the  total  electrical  power  of  40-50  W  and  the 
thermoelectrically  generator  with  the  output  electrical  power 
of  the  order  of  500  W  generated  the  electric  power  due  to  the 
thermoelectrically  conversion  of  the  solar  radiation. 

At  last  in  2003  it  is  planned  to  fulfill  the  Russian- 
American  project  on  the  research  of  the  most  removed  planet 
from  the  Earth  -  Pluto  and  its  satellite  Harron  (“Pluto 
Express1'  project)  [6]  .There  will  be  two  RTGs  on  SC 
developed  in  USA: 

•  one  of  the  American  manufacture  of  the  GPHS-RTG  type 
with  the  electrical  power  of  90  W  (of  others,  more 
effective  radionuclide  power  sources  providing  the 
operation  of  the  scientific  equipment); 

•  the  other  RTG  of  the  Russian  manufacture  of  the  RTG 
"Angel”  type  with  the  electrical  power  of  0.5- 1.0  W  is 
mounted  on  the  probe  (Drop  Zond)  separated  from  the  SC 
while  approaching  the  planet.  The  Drop  Zond  is  used  for 
more  detailed  research  of  the  near  planetary  space. 

It  is  proposed  to  use  the  “Molniya”  RC  as  a  rocket  carrier 
as  having  the  highest  reliability  and  minimum  cost.  The 
“Molniya”  will  be  launched  from  the  Plesetzk  launching  site 
with  the  ejection  of  the  SC  into  the  orbit  with  the  inclination 
of  about  70  degrees  to  lay  the  flight  route  along  the  arctic  sea- 
coast  to  decrease  the  consequences  in  case  of  hardly 
probable,  but  possible  failures  of  RC  and  in  case  of  the  SC 
collapse  with  RTG. 

It  should  be  mentioned  that  the  exploration  of  Far  space 
and  planets  considerably  removed  from  the  Sun  (such  as 
Pluto)  is  possible  only  with  the  use  of  the  radionuclide  power 
sources  as  the  solar  panels  with  low  levels  of  the  solar 
radiation  do  not  operate  efficiently  and  the  power  capacity  of 
chemical  sources  is  not  sufficient  of  the  provision  of  the 
fulfillment  of  long-term  space  programs. 

In  this  connection,  taking  into  account  a  high  cost  of 
radionuclide  power  sources,  the  fulfillment  of  such  projects 
becomes  possible  only  with  the  participation  of  the 
international  cooperation  including  the  technically  developed 
countries  when  each  of  the  participating  sides  takes  the 
obligations  not  only  in  the  development  of  some  aspects  of 
scientific  programs,  but  makes  its  contribution  to  the  solution 
of  problems  connected  with  the  financing  of  the  project  on 
the  whole. 

By  present  there  are  some  projects  developed  by  the 
European  Space  Agency  (ESA)  with  the  RTG  use,  such  as  the 
“Rosette”  project  and  the  also  the  project  on  the  creation  of 
the  constantly  acting  moon  stations.  The  realization  of  these 
projects  is  planned  in  the  first  decade  of  the  next  century. 

The  concept  of  the  creation  of  power  plants  for  the  moon 
base  is  being  developed  also  in  Russia  and  Japan.  In 
correspondence  with  this  concept  it  is  assumed  to  obtain  the 
electrical  power  by  a  direct  conversion  of  the  solar  energy  in 
the  module  consisting  of  the  thermoelectric  and 
thermoemission  units. 

There  is  the  information  on  works  carried  out  in  France 
on  the  RTG  development  for  the  ESA  space  program.  But  the 


absence  of  the  concrete  information  on  this  question  does  not 
make  it  possible  to  draw  conclusions  about  the  achieved  level 
of  developments. 

So,  the  development  and  the  creation  of  RTG  for  space 
programs  played  a  positive  role  and  promoted  the  further 
profound  research  of  space  and  planets  of  the  Solar  system. 

At  the  same  time,  at  present  there  is  being  developed  a 
number  of  alternative  radionuclide  power  sources  such  as 
AMTEC  (Alkali  metal  thermal  for  electric  conversion), 
thermophotoelectric  power  sources,  installations  with  Stirling 
engine,  having  the  efficiency  2-3  times  higher  than  the 
efficiency  reached  in  RTG  [7,  8],  However,  the  practical  use 
of  such  power  plants  in  the  nearest  future  remains  rather 
problematic  because  of  their  insufficient  high  reliability  and 
not  long  service  life. 

In  conclusion  it  can  be  surely  assumed  that  in  the  XXI 
century  RTG  will  be  used  as  before  in  large-scale  projects  on 
the  space  and  Solar  system  planets  exploration  which  will 
become  possible  only  in  case  of  close  cooperation  of 
technically  developed  countries. 
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Abstract 

Recent  papers  [1],  [2]  have  covered  the  merits  of  using  finite 
elements  to  calculate  the  thermoelectric  device  performance 
for  steady-state  conditions.  Likewise,  papers  [3],  [4]  have 
covered  the  use  of  finite  elements  to  model  transient  cooling 
conditions.  It  remains  then  to  model  power  generation 
performance  with  finite  elements  and  compare  that  model 
with  various  other  modeling  techniques. 

Analysis  was  based  on  a  single  pellet  for  simplification.  The 
pellet  was  modeled  by  treating  the  differential  equations  as 
closed  form,  finite  equations  across  a  small  section  of  the 
pellet.  The  many  sections,  or  finite  elements,  comprised  the 
total  pellet.  Temperature  dependent  properties  were 
incorporated  into  the  model. 

The  finite  element  analysis  predicted  different  results  than 
the  temperature-averaging  techniques  as  was  to  be  expected. 
Finite  element  analysis  should  be  used  when  critical 
optimization  is  required  since  it  is  able  to  determine 
accurately  the  nature  of  the  thermoelectric  effects  of  materials 
whose  properties  are  highly  temperature  dependent. 
Averaging  schemes,  by  their  very  nature,  lose  modeling 
information  and  are  less  accurate. 

Introduction 

There  are  several  ways  to  calculate  the  power  generation 
performance  of  a  thermoelectric  couple,  either  by  averaging 
schemes  or  by  the  use  of  finite  elements.  The  advantage  of 
the  averaging  schemes  is  that  an  immediate  answer  is 
obtained  from  simplified  analytical  equations.  Finite 
elements  require  much  iteration  and,  therefore,  more  time  to 
obtain  results.  However,  ever  higher  speed  computers  make 
this  time  difference  increasingly  negligible.  The  advantages 
of  using  finite  elements  over  averaging  techniques  is 
accuracy  and  true  optimizations.  Prototype  and  experiment 
costs  will  surely  be  reduced  when  the  model  agrees  precisely 
with  experiment.  Also,  one  can  be  certain  that  the  higher 
performance  will  not  be  achieved  by  any  other  design. 

The  object  of  this  study  was  to  compare  two  models  which 
used  averaging  techniques  and  a  model  which  used  finite 
element  analysis.  Graphs  are  presented  to  illustrate 
comparisons.  For  the  purposes  of  this  paper  only  one  - 
dimensional  analysis  was  investigated.  Also,  such  effects  as 
contact  resistances  were  not  included  in  the  analysis  since 
only  a  basic  comparison  of  calculation  methods  was  desired. 
Furthermore,  the  models  did  not  include  effects  of  passive 
heat  losses  from  radiation  and  air  conduction  and  convection. 


Such  effects  could  readily  be  incorporated  though  to  provide 
a  model  that  would  more  closely  match  reality. 


Computational  Models 

All  three  computational  models  are  based  on  the  following 


equations  [5]: 

QfI=aITH-±I2R  +  KAT  (1) 

P  =  I2Rl  (2) 

I  =  Voc/(R  +  Rl)  (3) 

AT  =  Th-  Tc  (4) 

Voc=  a  AT  (5) 

R  =  pLjA  (6) 

K  =  kAIL  (7) 

Qh=P  +  Qc  (8) 

Z  =  a2lpl>c  (9) 


Qh  =  heat  input  to  the 

thermoelectric  generator 
a  =  Seebeck  coefficient 
k=  thermal  conductivity 
Th  =  hot  side  temperature 
P  =  output  power 
Voc  =  open  circuit  voltage 
L  =  length  of  pellet 


Qc  =  waste  heat 
Z  =  figure-of-merit 
p  =  electrical  resistivity 
1  =  current 

Tc  =  cold  side  temperature 
Rl  =  load  resistance 
A  =  cross  sectional  area  of 
pellet 


Figure  1  shows  a  typical,  schematic  representation  of  a 
thermoelectric  generator. 


The  material  properties  of  the  thermoelectric  material  used 
for  this  analysis  were  obtained  from  an  actual  test  result  on  a 
module  as  measured  with  TE  Technology,  Inc.’s  TS-205. 
The  temperature  dependent  properties  were  then  extrapolated 
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at  the  extreme  temperatures  where  test  data  was  not  available 
yet. 


The  Z  was  calculated  at  Tavg. 


Rl2  was 


Model  1:  P(THC) 

This  model  used  material  properties  based  on  the  average  of 
Th  and  Tc  of  the  pellet. 

Model  2:  Pavg 

This  model  used  an  integral  average  of  the  material 
properties.  For  example  the  average  Seebeck  coefficient  was 
given  by: 

—  1  [Th 

“  -  la<Twr 

Model  3:  Pfea 

This  model  splits  the  pellet  into  many  small  sub-sections,  or 
elements.  Eq.  (1)  was  applied  to  each  element  whereby  the 
heat  leaving  one  element  became  the  heat  entering  the 
subsequent  element.  The  total  power  output  was  the  sum  of 
the  power  outputs  of  each  element,  as  calculated  from  Eq. 
(8).  The  material  properties  were  implicitly  determined 
based  on  the  temperature  distribution  calculated  by  a  given 
heat  flow.  The  heat  flow,  QH  ,  into  the  pellet  was 
parametrically  altered  by  numerous  iterations  until  the 
desired  hot  side  temperature  was  obtained,  assuming  a  given 
cold  side  temperature.  Figure  2  shows  a  schematic  of  the  Pfea 
model. 


Results 

The  determination  of  maximum  efficiency  was  calculated  by 
setting  Rl  =  (l  +  ZTHC)y 2  R  [5]  where  Z  was  calculated  at  THC 
for  P(Thc);  Thc  =  [Th  +  Tc)/2 .  For  Pavg,  RL  was  calculated 

in  the  same  manner  except  that  the  Z  was  calculated  from  the 
integral-averaged  properties. 

Pfea  used  a  slightly  different  approach.  The  optimum  RL  was 
not  the  true  optimum  when  determined  in  the  same  manner 
as  for  P(THc)  and  Pavg.  Rather  the  optimum  was  calculated 

from  (Ru  +Rl2)/2  .  RLI  was  given  by  (l  +  Zr„vg)1/  R  where 


determined  by 


£(l  +  Z,.(7;+7;.+1)/2)1/2 

.  i=l 


R 

n 


However,  there  were  only  slight  differences  in  the  optimum 
Rl  determined  by  any  of  the  above  means.  The  table  below 
shows  efficiency  results  from  Pfea  according  to  different 
methods  used  in  calculating  the  optimum  RL. 


The  methods  are  identified  in  Table  1  as  follows: 
©  Rl=(\  +  ZThc)'/2R 
©  RLl=(l  +  ZTavg)'/2R 


®  R, 


£(1  +  2, (7;.  +Tm)/2) 


1/2 


®(RLl+RL2)/2 


R 

n 


Table  1:  Efficiency  Based  on  Calculation  of  RL 


Method 

efficiency,  % 

TH  =  470K 

Tc  =  300K 

efficiency,  % 

Th  =  600K 

Tc  =  300K 

© 

5.608627 

5.723894 

© 

5.608843 

5.727157 

5.608812 

5.727169 

© 

5.608895 

5.727174 

At  a  AT  =  170  K,  the  percent  difference  between  method  © 
and  ©  was  only  0.005%.  However,  at  a  AT  =  300  K,  the 
percent  difference  between  method  ©  and  ©  was  5.73%. 
The  averaging  scheme  represented  by  method  ©  is 
inadequate,  especially  at  large  AT s. 

Figure  3  shows  the  maximum  efficiency  as  determined  by 
each  model  at  different  TVs  and  at  a  constant  Tc  =  300K. 
For  small  temperature  differences,  the  three  models  provided 
identical  results.  However,  Pfea  yielded  a  significantly  lower 
efficiency  at  the  higher  temperature  differences. 
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Figure  4  shows  the  maximum  power  as  determined  by  each 
model  at  different  TVs  and  at  a  constant  7'c  =  300K.  The 
maximum  power  was  calculated  by  setting  RL  =  R.  The 
models  w;ere  based  on  127  couples  of  1.4  x  1.4  x  1.15mm 
pellet  dimensions.  Again  at  the  smaller  temperature 
differences,  the  P(THc)  and  Pavg  provided  sufficiently  accurate 
answers  when  compared  with  Pfea.  At  the  higher  temperature 
differences,  the  variation  w?as  not  quite  as  dramatic  as  for 
maximum  efficiency.  Nonetheless,  the  Pfea  yielded  a  lower 
power  output  than  calculated  by  P(THc)  or  Pavg. 


Hot  Side  Temperature  (K) 


Figure  4,  Maximum  Power  (Tc  =  300  K) _ | 

Figures  5, 6, 7, 8  and  9  show  how  current,  load  voltage,  heat 
input  and  efficiency  and  output  power  compare  according  to 
the  three  models  as  a  function  of  load  resistance,  keeping  AT 
constant.  Clearly,  Pavg  is  a  better  model  than  P(THC)-  In 
Figure  5,  Pavg  and  Pfea  calculated  essentially  the  same  load 
voltage,  indicating  that  Pavg  is  a  superior  model  to  P(THc).  As 
shown  in  Figure  6,  both  P(THC)  and  Pavg  over-predict  the 
current.  Figure  7  shows  clearly  that  P(Thc)  was  just  too 
simplistic  a  model  to  provide  sufficient  accuracy. 


Figure  5.  Effect  of  Load  Resistance  on  Current 
(Th=  500  K,  Tc  =  300  K) _ 


Figure  8  does  show'  that  the  optimum  resistance  ratio  for 
maximum  efficiency  was  the  same  regardless  of  the  model 
employed  to  determine  it.  However,  the  resistance  ratios 
were  not  exactly  the  same.  Table  2  shows  how  the  ratios 
compared  for  the  three  models.  While  the  optimum 
resistance  ratios  were  essentially  the  same,  the  Pfea  calculated 
significantly  lower  efficiencies  than  the  other  two  models. 


Table  2:  Resistance  Ratio  for  Optimum  Efficiency 


Model 

Rl/R 

P(Thc) 

1.323393 

p 

a  avg 

1.291606 

Pfea 

1.302489 

Figure  6.  Effect  of  Load  Resistance  on  Load  Voltage 
(Th=  500  K,  Tc  =  300  K) _ 
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Figure  9  indicates  that,  regardless  of  the  model  the 
resistance  ratio  for  maximum  power  was  unity,  according  to 
what  the  closed  form,  analytical  equations  predict.  However, 
this  may  not  be  precisely  true  for  all  types  of  materials  in  all 
situations.  As  evidenced  in  Table  2,  the  closed  form 
equations,  do  not  necessarily  predict  the  true  optimum. 
Nonetheless,  Pfea  calculated  a  lower  power  level  than  the 
other  two  models. 


Figure  9.  Effect  of  Load  Resistance  on  Output  Power 
(TH  ~  500  K,  Tc  =  300  K) 


Computation  Time  and  Accuracy 

The  Pfea,  using  250  elements  in  the  model  required  about  40 
seconds  to  arrive  at  a-  solution  when  performed  on  a  90  MHz 
clock  speed  CPU.  P(THC)  and  Pavg  provided  practically 
instantaneous  results.  When  the  temperature  differences  are 
large  this  additional  computation  time  is  probably  justifiable. 
However,  Pfea  is  itself  only  as  accurate  as  the  number  of 
elements  used  in  the  model.  The  more  elements  that  are 
used,  the  greater  will  be  the  internal  accuracy,  but  also  the 
greater  will  be  the  computation  time.  Table  3  shows 
comparisons  of  the  Pfea  model  using  250  elements  and  251 
elements  for  the  calculation  of  maximum  efficiency  at  TH  = 
600  K  and  Tc  =  300  K,  127  couples,  1.4  x  1.4  x  1.5  mm 
pellet  dimensions. 


Table  ^^^fea^ntcrn^j^Accurac^^Coinj^ariso^ 


#  of  elements 

Load  Voltage 

Current 

Heat 

Rl/R 

V 

A 

Input 

W 

250 

8.627417 

1.22133 

251 

8.626449 

2.653348 

399.651 

1.22103 

%  change 

0.011 

0.014 

0.0018 

0.025 

The  use  of  250  elements  appears  to  have  been  sufficient  for 
accurately  calculating  performance. 

Conclusions 

The  Pfea  has  been  shown  to  yield  markedly  different  results 
when  compared  with  P(THC)  and  Pavg  results.  The  difference 
became  more  significant  as  the  AT  increased.  There  were 
also  slight  variations  between  the  models  for  the  determined 
optimum  resistance  ratio  for  maximum  efficiency.  While 
reasonable  accuracy  for  determining  the  optimum  resistance 
ratio  for  maximum  efficiency  could  be  achieved  by  using  any 
of  the  three  models,  the  variations  could  be  much  more 
exaggerated  if  the  temperature  dependent  thermoelectric 
material  properties  were  highly  non-linear.  Only  the  Pfea  is 
sophisticated  enough  to  correctly  determine  the  true 
optimum.  Pfea  could  be  made  even  more  sophisticated  by 
including  radiation,  convection  and  conduction  passive  heat 
losses.  These  loss  calculations  could  be  easily  included  on  an 
element-by-element  basis  whereas  it  would  be  quite  difficult 
to  correctly  include  in  P(THc)  or  Pavg.  Thus,  the  Pfea  yields  the 
best  accuracy,  it  can  easily  model  complex,  real  world 
situations  and  it  calculates  the  true  optimum. 
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Abstract 

A  tendency  of  micro-miniaturisation  of 
thermoelectric  generators,  coolers  and  sensors  demands  an 
increase  of  temperature  gradients  for  preserving  their  power. 
It  is  impossible  to  consider  that  temperatures  of  electrons  and 
phonons  are  equal  in  these  conditions,  so  an  electrons  and 
phonons  temperature  mismatch  begins  to  realise. 

A  system  of  non-linear  equations  for  an  energy 
balance  of  electrons  and  phonons  and  a  continuity  equation 
for  current  density  is  solved  to  study  this  mismatch.  It  is 
taken  into  account  an  electron-phonon  energy  interaction  and 
a  dependence  of  all  kinetic  coefficients  on  electrons  and 
phonons  temperatures. 

It  is  shown  that  the  three  components  of  the 
mismatch  are  exist  under  large  temperature  gradients:  the 
first  component  is  proportional  to  a  temperature  gradient 
squared,  the  second  component  is  proportional  to  a  product  of 
a  temperature  gradient  and  an  electric  field,  and  the  third  one 
-  to  an  electric  field  squared.  On  the  volume  of  a  sample  the 
all  components  don’t  depend  on  coordinates  and  don’t  also 
depend  on  a  type  of  heat  boundary  conditions  for  electrons 
and  phonons. 

The  temperature  mismatch  is  leading  to  a  change  of 
formulas  for  electric  current  density  and  heat  flow  density, 
for  all  kinetic  coefficients  and  for  the  thermoelectric  figure  of 
merit.  The  figure  of  merit  increase  in  consequence  of  the 
mismatch.  This  increase  is  starting  to  be  shown  up  in 

thermoelectrics  at  temperatures  gradients  ~  1 0 i  K I  cm . 


Introduction 

A  tendency  of  micro-miniaturisation  of 
thermoelectric  generators,  coolers  and  sensors  demands  an 
increase  of  temperature  gradients  for  preserving  their  power. 
On  the  other  hand,  experimental  facilities  already  permit  us 
to  reach  giant  temperature  gradients  in  solids  (up  to 

10 l0K/ cm)  under  laser  beams,  under  electronic  rays,  at 
mechanical  treatment,  in  welding,  etc.  [1].  There  are  a 
number  of  patents  [2]  in  which  are  offered  several 


thermoelectric  generators  with  the  temperature  gradients 
~  10 *K  /  cm 

It  is  impossible  to  consider  that  temperatures  of 
electrons,  phonons  and  others  quasi-particles  are  the  same 
under  these  conditions,  so  a  temperature  mismatch  is 
beginning  to  realise. 

The  traditional  theory  of  thermoelectricity  assumes 
that  a  sample  can  be  characterised  with  some  common 
temperature.  However,  a  semiconductor  material  really 
contains  the  whole  complex  of  quasi-particles  subsystems  - 
electrons,  holes,  phonons  etc.,  generally  each  is 
characterising  with  one’s  own  temperature  (if  such 
temperature  can  be  introduced).  Yu.  Gurevich  at  al  [3,  4] 
were  first  who  paid  an  attention  to  this  fact. 

We  have  to  give  an  answer  to  the  question:  at  what 
conditions  it  is  necessary  to  take  into  account  differences 
between  the  temperatures  of  different  kinds  of  quasi-particles. 

Let’s  take  into  consideration  a  homogeneous 
isotropic  sample  which  consists  from  the  only  of  two  types  of 
quasi-particles:  from  electrons  and  from  phonons.  Such 
material  can  be  or  an  electronic  semiconductor  or  a  metal.  If 
a  different  heat  boundary  conditions  for  electrons  and 
phonons  can  be  realized  (such  conditions  can  be  fulfilled 
experimentally  [5])  the  first  type  of  electrons  and  phonons 
temperatures  mismatch  can  take  place.  Just  that  very  case  was 
thorough  investigated  by  Yu.  Gurevich  at  al  [3,  4J. 

In  the  present  paper,  is  investigating  the  other 
mechanism  of  electrons  and  phonons  temperatures  mismatch, 
this  mechanism  cause  with  the  large  temperature  gradients. 
We  can  understand  the  reason  of  the  temperature  mismatch 
under  large  temperature  gradients  from  the  follow  qualitative 
consideration.  Heat  conductivity  coefficients  of  electrons  and 
phonons  depend  on  the  temperatures  in  a  different  manner. 
Therefore  the  coordinate  dependence  of  electrons  and 
phonons  temperatures  must  differ  if  an  electron-phonon 
interaction  does  not  take  place.  In  the  real  case  when  the 
interaction  takes  place,  it  will  somewhat  reduce  the 
temperature  mismatch  but  it  will  remain  other  than  zero  is. 
This  mismatch  actually  means  peculiar  wanning  (cooling)  of 
electrons  under  large  temperature  gradients. 
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Main  Equations 


Let’s  assume  that  a  concentration  of  electrons  in 
semiconductor  is  sufficiently  large,  so  it  is  an  energetic 
control  in  electronic  system,  the  necessary  criteria  can  be 
founded  in  [4],  In  these  assumptions  the  main  equations  of 
the  problem  are  the  energy  balance  equations  for  electrons 
and  phonons 

divqe=jE-P-(Te-Tp), 
div qp  =  P(Te-  Tp), 

here  E  -  electric  field,  £=-V$  ( O  - 


electrochemical  potential),  Te  p  -  electrons  and  phonons 


temperatures,  P(Te,Tp)-(Te  -  Tp)  characterizes  the 

electron-phonon  energetic  interaction  [4], 

We  can  write  for  the  current  density  and  for  the  heat 
flow  densities  of  electrons  and  phonons  the  follows  equations: 
j=o(T,)E-o(T')a(T,)'VT„ 

5,  =  -*-,(r,)vr,+n(r,)  J  (2) 

qp  -  -tcp(Tp)VTp, 

where  <7  (Te)~  electrical  conductivity,  oc(Te)~ 
thermoelectric  power,  Kc  ( Te )  -  thermal  conductivity  of 
electrons  and  FfiTJ  =  Tea  (TJ-  Peltier  coefficient, 
Kp(Tp)  -  thermal  conductivity  of  phonons. 

The  equations  (1),  (2)  must  be  supplemented  with 
the  equation  of  current  continuity 


div  j  =  0.  (3) 

Let’s  investigate  the  one-dimensional  problem:  a 
sample’s  length  is  2a. 

The  heat  boundary  conditions  for  the  equations  (1), 
(2)  can  be  written  in  a  form  [3,  4] 


e,P 


x --a 


Ve,p(^e,p  ^l)|  x  = -a’ 


qe,p\x  =  a  Ve,P(Te,P  Tl  )l  *  =  a  ’ 


(4) 


where  rfe  p  -  phenomenological  coefficients  of  heat  changing, 


they  connect  with  conditions  in  contact  regions. 

The  system  of  non-linear  differential  equations  (1)- 
(3)  with  boundary  conditions  (4)  has  not  an  analytical 
solution.  Moreover,  we  can  not  find  it’s  analytical  solution  in 
the  case  of  one-temperature  approximation  Te  =  Tp  and 
simplest  boundary  conditions  (the  first  kind  of  heat  boundary 
conditions:  T]°  -  °o).  So  we  must  use  a  perturbation  theory 

to  solve  the  problem.  The  small  parameter  is  considered  to  be 
the  follow 


r  = 


T1-T1 

r 


« 1, 


r  = 


2 


(5) 


The  temperatures  Tx ,  T2  defined  with  the  conditions  (4). 


We  suggested  a  modification  of  the  perturbation 
theory  method  to  solve  the  system  of  equations  (l)-(4)  with 
temperature  dependence  of  all  kinetic  coefficients.  The  use  of 
this  method  gives  us  a  possibility  to  reduce  this  non-linear 
system  of  differential  equations  to  an  unlimited  chain  of 
linear  differential  equations  with  constant  coefficients.  We 
founded  a  method  of  unhooking  and  integrating  the  chain  of 
this  differential  equations.  The  results  of  solving  these  chain 
of  equations  (distributions  of  electrons  and  phonons 
temperatures  and  a  distribution  of  electrical  potential)  was 
also  corroborated  with  numerical  experiment. 

Main  Results 

The  principal  results  of  the  investigation  of  the 
electrons  and  phonons  temperatures  mismatch  can  be 
illustrated  on  the  properties  of  the  mismatch  value 

®  =  Te-Tp.  (6) 

It  turned  out  that  the  temperature  mismatch  (6)  can 
be  represented  as  a  sum  of  three  terms 

0  =  +  ®qJ  +0J,  (?) 

where  the  term  ©.connects  only  with  a  heat  transport  and 

exists  in  absence  of  an  electric  current  (let’s  call  the  ©^  as 

the  heat  mismatch),  the  term  0y  connects  only  with  an 

electric  current  and  exists  in  absence  of  a  heat  transport  (it  is 
a  well  known  Joule  heating)  and  the  term  0^  ,  take  place  in 

the  case  when  both  exist:  a  heat  transport  and  an  electrical 
current  (let’s  call  ©„  ,  as  the  interference  mismatch). 

The  analysis  of  the  structure  of  the  temperature 
mismatch  (7)  leads  to  the  follows  general  conclusions. 

1.  In  the  case  when  kinetic  coefficients  don’t  depend 
on  electrons  and  phonons  temperatures. 

The  temperature  mismatch  takes  part  (in  isotropic 
media)  only  in  the  situation  of  different  heat  boundary 
conditions  for  electrons  and  phonons.  This  mismatch  exists 
only  in  a  locality  of  sample’s  boundary,  as  shown  at  the 
Figure  1. 


Figure  1 :  Coordinate  dependence  of  electrons  and  phonon 
temperatures.  Kinetic  coefficients  don’t  depend  on 
temperatures,  different  heat  boundary  conditions  for  electrons 
and  phonons  take  place. 
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2.  In  the  case  when  kinetic  coefficients  depend  on 
electrons  and  phonons  temperatures. 

The  temperature  mismatch  exists  in  a  whole  volume 
of  a  sample  at  an  arbitrary  heat  boundary  conditions  for 
electrons  and  phonons.  Moreover,  a  temperature  mismatch 
exists  even  in  the  case  of  equal  heat  boundary  conditions  for 
electrons  and  phonons.  There  is  a  characteristic 

length  Z*  with  the  follow  property:  in  massive  samples  when 
a  »  L*  the  heat  mismatch  ©^  does  not  depend  on 


coordinate,  0gdoes  not  depend  on  temperature  dependence 
of  energetic  electron-phonon  interaction,  0g  is  equal  under 


arbitrary  heat  boundary  conditions  for  electrons  and  phonons 
and  it  has  the  form: 


G 2 

r  . 

y2T* 

(  , 

T 

“  k2T 2 

KKe 

Kv> 

~  4k2a 2 

Kp) 

and  it  has  the  order 

r2  \ 

r  *  4 k2a2  ~  L\k 2  ’ 


where  k  1  is  the  characteristic  cooling  length  of  electrons 
and  phonons  [2,  5]: 


f 


k2  =  P(T) 


l 


K- 


(9) 


1 

•+— 

(in  the  case  of  the  first  kind  of  heat  boundary  conditions 
rfe  p=  oo  we  have  k~l  «  Z* ),  Zr  -  characteristic  length  of 


temperature  changing  [1,  5] 

T  „  T2 
Lt~\GV  G~  2a 


T, 


(10) 


all  the  kinetic  coefficients  K  in  (8),  (9)  and  in  the  follows 
formulas  (11)-(13)  have  been  calculated  at  the  average 

temperature  T  (5);  the  stroke  in  (8)  means 


,  dK 
K  °dT 


\T=T 

A  sign  of  the  heat  mismatch  ©  (8)  connects  with  a 


temperature  dependence  of  electrons  and  phonons  thermal 
conductivity  and  generally  may  be  or  «plus»  or  «minus».  But 
in  cases  of  real  thermoelectric  materials  we  have  exclusively 
©  >  0  The  heat  mismatch  of  electrons  and  phonons 

temperatures  is  proportional  to  the  heat  flow  density  square. 
This  mismatch  is  analogue  to  the  Joule  effect  (the  Joule 
mismatch  is  proportional  to  the  current  density  square).  So 
we  can  name  the  heat  mismatch  as  the  heat  analogue  of  the 
Joule  effect.  The  character  of  heat  mismatch  0g  are  shown  in 


Figure  2. 


-a  +a 


Figure  2:  Coordinate  dependence  of  electrons  and  phonon 
temperatures.  Kinetic  coefficients  depend  on  temperatures, 
heat  boundary  conditions  for  electrons  and  phonons  are 
equal. 


Let’s  look  at  the  value  of  the  heat  mismatch.  At  the 
room  temperature  ( T*  =  300 K )  the  heat  mismatch  reaches 
the  value  of  0g  »  10 AT  under  temperature  gradients 

(4- 106  -107)  K / cm  in  metals  and  under  temperature 

gradients  (3  -  8)  •  105  K  /  cm  in  semiconductors.  The  heat 
mismatch  strongly  increase  with  the  increasing  of  the 
temperature  gradient  G,  the  heat  mismatch  also  increase 

with  the  decreasing  of  the  average  temperature  T 

A  closing  of  a  circuit  leads  to  an  appearance  of  the 
interference’s  mismatch 0g  j  and  Joule’s  0  ;  mismatch. 

The  last  item  in  (7)  (i.e.  the  Joule’s  heating)  can  be 
represented  in  the  form: 

0,  G2V2ZKe+K 

-T  =  — ^ - ",  (ID 

T  k  T  Ke 


where  Z  - -  -  thermoelectric  figure  of  merit, 

+kp 

R 

y  = - — - ,  R  -  a  resistance  of  a  thermoelement, 


Rout  ‘ a  resistance  of  a  load. 

It  is  obviously  from  (11)  that  always  0 }  >  0. 


If  there  is  not  non-thermoelectric  types  of  electric 
power  sources  in  a  circuit  the  interference  mismatch  can  be 
written  in  the  form: 


®qJ  G\ZZj  ^e+yP 

r  ~  k1  T* a  Ke 


(12) 


here  rT  -  the  Thomson  coefficient. 

We  can  see  from  (12)  that  ®q  j  >  0.  But  in  a  case  of 

existence  non-thermoelectric  types  of  electric  power  sources, 
the  sign  of  the  interference  mismatch  &q  J  can  be  arbitrary. 
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A  comparative  values  of  different  mechanisms  of  the 
mismatches  can  be  represented  as 


(13) 


©7 

v2«2 

07 

va  2 

0« 

*  L  ’ 

xT 

_  Ke+Ke 

where  L  - — ’  -  the  Lorenz  factor. 

oT 


a 


In  pure  semiconductors  the  ratio  —r~  can  reach  the 


value  ~  50 ,  and  in  a  closed  circuit  usually  &q  J  >  In 

typical  thermoelectric  materials  under  optimal  for 
thermoelectric  systems  conditions  V  ~  0,5  we  have 

So  we  must  take  into  account  all  mechanisms  of  electrons  and 
phonons  temperatures  mismatch  in  thermoelectrics. 

Owing  to  approximation  (5)  we  have  0  «  T  .  So 
in  the  zero  assumption  with  the  small  parameter?'  we  can 

solve  the  traditional  one-temperature  equation  of  a  heat 
conducting.  Then  a  problem  of  calculating  the  electrons 
(phonons)  kinetic  coefficients  comes  to  use  the  traditional 
formulas  of  the  transport  theory,  but  in  these  formulas  we 
must  change  T  on  Te  (on  Tp  in  formulas  for  phonons  ). 

Therefore,  formulas  for  all  kinetic  coefficients  can  be  written 
in  the  form: 

r2K, 


K  =  K0+r2Kl! 


SK 


(14) 


where  K0  -  a  kinetic  coefficient  in  the  standard  form. 

It  is  found  that 

S(cra2)>  0,  S/ce  <0 

at  any  type  of  electrons  scattering  mechanism  and  at  any  type 
of  temperature  dependence  of  phonons  thermal  conductivity, 
therefore  in  any  case  the  change  of  the  figure  of  merit  is 

SZ>  0.  (15) 


Consequently  we  have  the  increase  of  the  figure  of  merit  in 
any  real  thermoelectrics  thanks  to  electrons  and  phonons 
temperatures  mismatch.  This  increase  starts  to  be  shown  up 
in  thermoelectrics  under  temperatures  gradients 

~10  5K/cm. 


Conclusion 

1.  Under  large  temperature  gradient  the  electrons  and 
phonons  temperature  mismatch  take  place  in  whole 
volume  of  a  sample. 

2.  The  temperature  mismatch  can  be  represented  as  a  sum 
of  three  terms:  the  heat  mismatch,  the  interference 
mismatch  and  the  Joule  heating. 

3.  The  temperature  mismatch  leads  to  a  change  of  all 
kinetic  coefficients  and  of  the  thermoelectric  figure  of 
merit. 


4.  We  have  an  increase  of  the  figure  of  merit  in  any  real 
thermoelectrics.  This  increase  starts  to  be  shown  up  in 
thermoelectrics  under  temperatures  gradients 

~10  5K/cm. 
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Abstract 

A  residential-scale  hydronic  central  heating  unit  was 
modified  with  the  addition  of  a  thermoelectric  generating  stage 
to  demonstrate  self-powered  operation  in  a  realistic  environment. 
The  unit  was  fabricated  in  the  United  States  and  tested  in  the  US 
and  in  England.  This  paper  describes  the  design,  operation  and 
testing  history.  The  unit's  performance  was  satisfactory,  and  the 
demonstration  indicated  the  merit  of  further  development  of  self- 
powered  heating. 

Background 

A  self-powered  central  heating  unit  is  one  that  operates 
entirely  on  combustion  fuel,  independently  from  the  electrical 
grid.  Such  a  system  would  in  theory  be  more  reliable  in 
providing  heat  through  extreme  weather  conditions.  It  would 
also  find  application  in  remote  habitations  not  served  by  the 
electrical  grid.  However,  the  main  obstacle  to  integrating  an 
electric  generator  into  a  heating  unit  is  the  selection  of  a 
convenient,  cost-effective  engine  and  generator.  Thermoelectric 
generating  modules  are  solid-state,  compact,  quiet,  highly 
reliable  and  suited  to  self-powering  central  heating.  A  Hi-Z 
thermoelectric  module  is  shown  in  Figure  1. 


Figure  1  -  Hi-Z  19  watt  Thermoelectric  Module 


As  power  generators,  thermoelectric  modules  have  the 
disadvantage  relative  to  other  heat  engines  that  their 
thermodynamic  efficiency  is  low.  However,  regardless  of  stand¬ 
alone  efficiency,  if  thermoelectrics  is  combined  with  a  heating 
application,  then  the  heat  passing  “inefficiently”  through  the 
thermoelectrics  can  still  be  fully  utilized.  In  a  system  arranged 
schematically,  such  as  is  shown  in  Figure  2,  the  “cost”  of  the 
electricity  generated  by  the  thermoelectric  stage  is  the  cost  of  the 


upper,  heat 
exchange  stage 


thermoelectric 

stage 


gas 


Figure  2  -  Schematic  Self-Powered  Heat  Unit 

fuel  for  the  equivalent  heat  energy.  The  electricity  generation 
is  essentially  100%  efficient  in  this  case.  Consider  the  average 
US  residential  energy  costs  of  $6.0/MBtu  for  natural  gas  and 
8.40/kWh  for  electricity  [1].  $6.0/MBtu  is  the  equivalent  of 
20 /kWh.  That  would  be  the  cost  for  electricity  generated  in  a 
thermoelectric  self-powered  heating  system  ~  one-quarter  of  the 
cost  of  utility  electricity.  This  is  a  real  saving.  Although  not  an 
enormous  saving  to  the  individual,  in  widespread  use  this  is  both 
an  economic  benefit  to  consumers  and  an  energy  conservation 
measure  for  the  public  benefit.  It  could  be  as  well  a  new  market 
for  the  fuel  utility  (at  the  expense  of  the  electric  utility). 

Self-powered  central  space  heating  with  forced  air  has 
been  demonstrated  previously  utilizing  thermoelectrics  [2,3]. 
That  unit  incorporated  lead-telluride-based  thermoelectric 
alloys.  Since  the  time  of  that  demonstration,  less  costly 
bismuth-telluride  alloy  thermoelectric  generating  modules  have 
become  commercially  available.  The  bismuth-telluride  alloys 
operate  at  lower  maximum  hot  side  temperature  (260°C  versus 
540°).  Their  integration  with  state-of-the-art  central  heating 
units  is  conceptually  less  complex. 

Design  and  Objective 

The  objective  of  the  project  was  not  to  build  a 
prototype  but  to  assemble  and  test  a  self-powered  demonstration 
hydronic  heater  from  existing  components  that  would  operate  in 
a  real  environment.  The  assembly  of  the  unit  essentially 
followed  the  construction  shown  in  the  schematic  of  Figure  2. 

The  upper  stage  is  a  modified  15  kW  compact,  natural 
gas-fired  heater  which  is  used  as  a  heat  exchanger  only.  The 
burners  were  removed  and  discarded  and  most  of  that  unit’s  gas 
controls  and  safety  features  were  also  removed  but  re-utilized  as 
the  final  self-powered  boiler  controls. 

The  thermoelectric  stage  is  a  concentric  assembly  of  a 
central  steel  heat  receiver  surrounded  by  an  array  of  1 8  bismuth- 
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telluride  alloy  thermoelectric  modules  such  as  shown  in  Figure 
1.  These  are  mounted  on  hexagonal  flats  on  the  heat  receiver 
and  surrounded  by  six  water-cooled  cold  plates.  This  assembly 
is  a  modification  of  a  generator  designed  originally  used  to 
extract  electric  power  form  the  exhaust  of  a  diesel  truck  engine. 
In  that  application  it  could  generate  up  to  185  watts  of  power, 
rejecting  heat  to  a  water  loop  at  near  ambient  temperatures 
(27°C).  The  exit  end  of  the  central  cavity  of  this  generator 
interfaces  with  a  hole  cut  in  the  bottom  of  the  upper  stage. 

The  heat  source  used  in  the  demonstration  is  a  nominal 
15  kW  ceramic  fiber  burner  76  mm  in  diameter  and  185  mm 
long  inserted  within  the  central  cavity  of  the  thermoelectric 
stage.  Natural  gas  and  air  are  mixed  in  a  venturi.  The  air  is 
supplied  by  a  d.c.  ultra-efficient,  small  high  pressure  blower 
rated  at  7  watts.  Fuel-to-air  mixture  is  set  by  a  variable  resistor 
in  series  with  the  blower  motor. 


Figure  3  -  Completed  Heating  Unit 


The  completed  modified  unit  is  shown  in  Figure  3,  and 
in  Figure  4  it  is  shown  with  exterior  panels  removed  and  test 
instrumentation  in  place.  In  Figure  4  the  thermoelectric  stage 
can  be  seen  in  the  middle.  Figure  5  is  a  schematic  flow  diagram. 

Operation  and  Instrumentation 

The  boiler  control  system  is  based  on  the  hardware 
furnished  with  the  standard  boiler.  The  control  consists  of  a 
relay  block  actuated  by  the  demand  of  an  external 
thermostat, several  safety  interlocks  in  series,  a  damper  actuator, 


Figure  4  -  Heater  Unit  on  Test 


an  ignition  unit  for  the  burner  pilot  and  a  gas  controller 
consisting  of  solenoid  and  servo  control  valves. 

Of  the  interlocks  on  the  standard  boiler,  the  “roll-out” 
switch  was  eliminated.  (This  is  a  temperature  switch  on  the  air 
intake  intended  to  shut  off  the  gas  in  the  event  flue  blockage 
causes  the  flame  to  move  to  the  air  intake.  It  could  be  eliminated 
on  account  of  replacing  naturally  ventilated  combustion  with 
forced  air.)  An  interlock  consisting  of  pressure  switch  on  the 
combustion  air  blower  exit  has  been  added  to  ensure  that  the 
main  gas  shuts  off  in  any  event  that  disables  power  to  the  air 
blower. 

A  delay  timer  has  been  interposed  in  the  power  relays 
for  the  water  pump  and  combustion  air  blower.  The  timer 
allows  the  pump  and  fan  to  continue  operation  after  the  main 
gas  is  shut  off.  This  delay  was  added  for  two  purposes.  On  the 
water  side  it  is  necessary  to  continue  cooling  the  thermoelectric 
generator  because  of  its  thermal  inertia.  On  the  gas  side  it  is 
provided  to  clear  unburned  gas  from  the  system. 

The  battery  is  fused  and  has  an  isolation  switch.  The 
switch  is  intended  for  use  when  the  boiler  is  unused  for  any 
extended  period  in  order  to  eliminate  the  small  but  continuous 
drain  to  the  inverters.  (In  a  commercial  unit  the  inverter 
consumption  would  be  eliminated  or  automatically  switched.) 
A  pair  of  diodes  block  reverse  current  flow  from  the  battery 
through  the  thermoelectric  generator.  Two  diodes  in  parallel  are 
used  to  reduce  the  forward  voltage  drop.  A  loss  of  0.4  volts  was 
measured  in  testing. 
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Figure  5  -  Flow  Diagram 


In  the  resulting  arrangement,  the  battery  terminal 
voltage  sets  generator  voltage  and  only  the  generator  output 
current  varies. 

The  combustion  air  blower  operates  on  d.c.  at  battery 
voltage.  An  inverter  changes  power  to  1 15  volt  60  Hz  for  the 
delay  timer  and  the  gas  ignition  and  control.  The  control 
operates  at  24  volts  60  Hz  on  the  other  side  of  a  transformer.  In 
a  prototype  unit  the  ignition  and  gas  control  would  be  designed 
to  operate  on  d.c.  in  order  to  eliminate  the  need  for  this  inverter 
and  the  associated  power  loss  in  converting  to  a.c. 

For  the  demonstration  a.c.  water  pumps  were  used 
requiring  additional  inversion  (to  115  volt  60  Hz  or  230  volt  50 
Hz,  depending  on  whether  testing  in  the  US  or  in  England). 
Ideally  d.c.  system  pumps  would  be  employed  because  they  are 
more  efficient  overall  and  since  d.c.  to  a.c.  inversion  losses 
would  not  be  present. 

In  place  in  a  system,  the  unit  operates  automatically. 
The  three  gauges  shown  in  Figure  3  monitor  performance.  A 
battery  is  included  in  the  system  to  provide  startup  power,  and 
one  of  the  gauges  reads  battery  current,  plus  and  minus.  Initially 
on  a  cold  start  current  flows  out  of  the  battery,  then  as  the 
thermoelectrics  heat  up  there  is  significant  excess  power 


generated,  and  the  battery  is  recharged  in  parallel  with  the 
system  requirements.  Thus  as  the  water  circuit  comes  to 
equilibrium,  higher  thermoelectric  cold  side  temperatures  reduce 
thermoelectric  output  and  the  battery  gauge  settles  near  zero. 
Finally,  when  the  heating  is  shut  off  the  system  again  draws 
from  the  battery  to  power  a  period  of  pump  and  blower  run-on. 
The  size  of  the  battery  needed  depends  on  the  cyclic  demand  of 
the  heating  system,  and  it  can  be  significantly  smaller  than  the 
automotive  battery  seen  in  Figure  4  used  in  the  demonstration 
unit.  The  exact  battery  requirement  was  not  determined  in  the 
work  done  thus  far. 

The  other  gauges  are  a  volt  meter,  to  check  the 
system/battery  voltage  and  monitor  possible  over-  or  under¬ 
charge  of  the  battery,  and  an  ammeter  to  verify  thermoelectric 
output. 

Performance  and  Test  Results 

The  unit  was  tested  14  times  in  San  Diego  before  being 
shipped  to  Loughborough.  The  objective  of  these  tests  was  to 
check  out  intended  operation,  to  set  operating  point  parameters 
and  to  establish  bona  fide  self-powering.  The  table  following 
details  the  operating  performance. 
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Input,  Natural  Gas 

1.2  m3/h 

Thermal  Power  (@38.4  MJ/m3) 

12.9  kW 

Thermal  Output 

11.0  kW 

Of  which  transferred: 

in  thermoelectric  stage 

43% 

in  upper  stage 

57% 

Water  Inlet  Temperature 

75°C 

Water  Outlet  Temperature 

80°C 

Electrical  Output,  gross 

109  W 

System  Voltage 

13  volts 

Power  Utilized: 

Blower 

4  W 

Inverter  Loss 

1  W 

Gas  Control 

24  W 

Water  Pump 

80  W 

Efficiency  [(Thermal  Power  +  Electric 

Power)  /  Input  Power] 

86% 

In  England  the  pump  was  changed  but  all  other  unit 
components  were  the  same.  It  was  integrated  into  a  computer 
controlled  diagnostic  system.  Tests  were  run  over  a  1-1/2  month 
period  to  validate  performance,  and  an  overall  heating  efficiency 
of  85.6%  was  determined.  Daily  cyclic  operation  was  imposed 
in  “household  simulation  mode”,  for  which  representative 
performance  is  shown  in  Figure  6.  In  this  testing,  the  unit  fell 
short  of  zero  net  draw  on  the  batteries  for  return  water  flow 
temperatures  above  70°C. 

Discussion  and  Conclusion 

The  demonstration  unit  met  expectations  in  all  respects 
except  self-powering  at  the  highest  anticipated  water  return 
temperatures,  which  range  to  80°C.  Known  losses  in  the  gas 
control  and  inverters  could  be  minimized,  which  would 
overcome  some  of  that  shortfall.  Indeed  more  thermoelectric 
modules  could  have  been  added,  but  the  objective  of  this 
demonstration  was  to  use  the  diesel  truck  generator  “as  is”.  In 
fact,  the  demonstration  points  to  the  possibility  of  scale-up  to  a 
combined  heat  and  power  or  cogeneration  unit  of  modest  net 
electrical  output. 

Operating  experience  emphasizes  a  need  to  optimize 
thermal  mass  in  the  thermoelectric  stage,  to  reduce  the  need  for 
battery-powered  run  on  after  the  demand  thermostat  signals  off. 
For  the  cold  plates,  fundamental  thermodynamic  principles 
indicate  a  maximization  of  module-to-cooling  water  heat  transfer 
to  assure  the  lowest  possible  cold  side  temperature  and  highest 
possible  delta  T  across  the  generating  elements. 


The  cylindrical  configuration  of  the  existing 
thermoelectric  generator  determined  the  use  of  a  ceramic  fiber 
burner,  which  worked  very  well  but  was  somewhat  fragile. 
Other  burner  configurations  should  be  considered. 

A  next  step  would  be  integration  of  a  purposefully 
designed  thermoelectric  stage  into  a  state-of-the-art,  high 
efficiency  hydronic  heating  unit  with  design  to  address 
compactness,  weight,  and  most  importantly,  low  cost 


fabrication. 
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Abstract 

New  micro  and  sensor  systems  are  being  rapidly  developed 
for  their  application  in  all  technology  events  in  future.  The 
energy  consumtion  of  systems  incorporated  the  latest  techni¬ 
cal  advances  decreases  permanently  to  the  range  of  only  pW. 
For  the  applications  in  this  low  power  range  (a  few  10  pW) 
D.T.S.  has  developed  a  new,  self-sufficient  power  supply  - 
the  Low  Power  Thermoelectric  Generator. 

Whereas  earlier  with  the  help  of  MOS  processing  techniques 
manufactured  thermoelectric  generators  reached  only  a  nW- 
output,  it  was  now  possible  to  open  up  the  pW-performance 
range  on  the  basis  of  high  effective  thermoelectric  compound 
semiconductor  thin  films,  prepared  by  Physical  Vapour  De¬ 
position  on  polyimid  substrates. 

The  LPTG  of  D.T.S.  is  a  small  compact  thermoelectric  de¬ 
vice,  full  hybrid  compatible  with  micro  electronic  and  micro 
matched  systems. 

Essentia]  information  about  the  LPTG-device-properties  are 
given.  E.  g.  at  AT  =  20  K  the  first  prototypes  have  a  power 
output  of  20  pW  and  a  voltage  of  about  4.0  V  under  load.  On 
the  other  hand  the  technological  limit  lies  at  about  60  pW. 

Introduction 


Fig.  1:  pW-LPTG  prototype  in  geometrical  comparison 
with  a  german  1  Pfennig  coin 


crp  =  400  rxW1,  ct„  =  500  O^cm'1  and  for  thermopower  S^ 
=  370  pV/K  near  room  temperature.  Therefore  the  data  are 
very  similar  to  the  film  properties  prepared  by  flash  evapora¬ 
tion  onto  glass  substrates  161  which  led  to  laboratory  function 
samples  of  thin  film  generator  cells  111.  A  selected  set  of  film 
properties  in  the  most  technological  relevant  temperature 
intervall  is  shown  in  Figs.  2a  and  2b. 


Thermoelectric  Generators  (TEG's),  devices  which  convert 
thermal  energy  directly  in  electrical  energy,  exist  in  a  broad 
power  output  spectra  from  the  nW- range  up  to  a  few  100  kW 
III.  The  power  output  determines  the  different  application 
fields,  e.  g.  as  power  supply  for  micro  systems  or  as  nuclear 
power  source  in  space.  Even  the  used  thermoelectric  materi¬ 
als  vary  in  connection  with  the  working  temperature  range 
and  of  course  the  technical  construction. 

The  TEG  developed  by  D.T.S.  is  based  on  thin  film  thermo¬ 
electric  materials  and  is  therefore  a  Low  Power  Thermo¬ 
electric  Generator  (LPTG). 

Whereas  earlier  with  the  help  of  MOS  processing  techniques 
manufactured  thin  film  TEG's  reached  only  a  nW-output  121 
and  have  not  existed  as  a  device  ready  for  use,  it  was  now 
possible  to  open  up  the  pW-performance  range. 

The  Low  Power  Thermoelectric  Generator  Device 

A  first  real  LPTG-prototype  is  seen  in  Fig.  1.  The  working 
range  is  near  room  temperature  not  higher  than  120  °C. 

As  active  materials  we  have  used  the  standard  semicon¬ 
ducting  compounds  with  the  highest  thermoelectric  figure-of- 
merit  in  this  temperature  range  12-51 
p-leg:  (Bi0.25Sbo.75)2Te3;  n-leg:  Bi2(Seo.iTeo.9)3 

in  each  case  with  special  dopands  deposited  by  magnetron 
sputtering  onto  a  polyimid-foil  substrate  (Kapton®,  75  pm). 
Typical  mean  film  values  are  for  the  electrical  conductivity 
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Fig.  2a:  Electrical  conductivity  a  and  thermopower  S  for  p- 
semiconductor  sputter  films  (d  =  1  pm,  annealed) 
in  dependence  on  mean  temperature  TM 

The  LPTG  was  consequently  manufactured  with  thin  film 
technology  methods  and  equipment  by  the  batch  processes 
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Fig.  2b:  Electrical  conductivity  a  and  thermopower  |  S  I  for 
n-semiconductor  sputter  films  (d  =  1  pm,  annealed) 
in  dependence  on  mean  temperature  TM 
film  generation,  photolithography,  pattern  generation,  wafer 
(foil)  cutting  and  device  assembly. 

The  demonstrated  LPTG-prototype  consists  of  2250  thermo¬ 
couples.  The  active  films  have  a  thickness  of  2.5  pm,  the 
internal  electrical  resistance  amounts  about  0.8  -  1.0  Mfl 


The  same  materials  are  also  suited  to  realize  high  sensitive 
plane  thermoelectric  arrangements  on  foils  /8/  used  for  active 
sensors  like 

*  radiation  sensors, 

*  heat  flux  sensors, 

*  temperature  difference  sensors  with  high  output  voltages 
up  to  about  100  mV/K. 

The  schematic  structure  of  the  LPTG  is  given  in  Fig.  3. 

The  LPTG  consists  of  70  so  called  segments.  Each  segment  is 
a  small  foil  with  a  chain  of  thermocouples.These  segments 
are  electrical  connected  in  series  and  the  segment  package  is 
at  the  top  and  the  bottom  covered  with  ceramic  plates  with  a 
good  thermal  conductivity. 

The  real  prototype  values  of  Figs.  4  and  5  show,  that  the 
power  output  is  available  in  adequate  quantities  (AT=20  K, 
P<f=20  pW)  to  supply  e.  g.  a  digital  temperature  sensor  modul 
or  a  digital  time  display  as  application  models  to  demonstrate 
the  function  principle  of  first  LPTG-prototypes. 

A  second  fact  we  can  conclude  from  Fig.  4.  At  the  present 
there  is  still  a  considerable  discrepancy  between  the  power 
output  of  the  real  devices  and  the  technological  limit  at  the 
same  temperature  differences.  The  plot  for  the  technological 
limit  was  calculated  taking  into  account  all  unavoidable  los¬ 
ses  caused  by  the  real  properties  of  the  used  materials  and 
assembly  techniques.  That  means,  in  the  frame  of  permanent 
improvement  of  the  LPTG  performance  there  is  a  realistic 
way  to  increase  especially  the  power  output  of  LPTG. 


configuration  warm 


Fig.  3:  LPTG-structure,  schematically 
LPTG-appIication  aspects 

Besides  and  in  addition  to  the  solar  cells  now  the  LPTG 
opens  new  possibilities  to  construct  self-sufficient  micro  sys¬ 
tems  in  the  low  power  range  by  using  the  thermal  energy. 

Often  it  is  necessary  and  at  solar  systems  also  usual  to  couple 
the  LPTG  with  an  electronic  smart  low  power  management. 
The  management  stores  the  electrical  charge  if  the  tempera¬ 
ture  difference  is  higher  than  necessary  and  supplies  the 
micro  system  during  the  time,  if  the  temperature  difference  is 
too  small  or  even  zero.  In  addition  the  LPTG  output  voltage 
has  to  be  stabilized,  because  in  many  cases  the  temperature 
difference  varies  in  the  course  of  time.  Furthermore  features 
like  over  voltage  protection  and  a  switching  of  Stanly  mode 
have  to  take  into  consideration. 

For  the  LPTG  there  is  a  broad  user  spectra  as  self-sufficient 
energy  source  in  the  branches: 

*  technique  ,  technology  for  e.  g.  temperature  warning  and 
registration  systems, 

for  charging  system  for  small  batteries  or  capacitances 
e.  g.  in  hand  held  electronic  devices 

*  domestic  appliances  e.  g.  for  electronic  heat  cost  alloca¬ 
tors  (simple  models),  for  electronic  temperature  displays 
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*  automotive  applications  for  e.  g.  wireless  controlling  or 
sensor  displays 

*  consumer  industry  e.  g.  for  electronic  wristwatches 

*  medicine  techniques  e.  g.  for  temperature  measurements 
But  in  contrast  to  batteries  for  the  adaption  and  optimization 
of  the  output  energy  the  LPTG  should  be  integrated  in  the 


| 

O 

0- 


AT  (K) 


management  is  able  to  supply  self-sufficiently  all  sensor  and 

micro  systems,  whose  energy  consumtion  lie  also  in  this  low 

power  range,  a  possible  usage  of  thermal  energy  is  provided. 

Conclusions 

*  Thin  film  thermoelectric  generators  are  developed  by 
D.T.S.  as  prototypes,  manufactured  with  a  technology 
which  is  full  compatible  with  standard  microelectronic 
technologies  and  suitable  for  process  automatization. 

*  The  low  power  thermoelectric  generators  have  a  power 
output  of  a  few  10  pW  and  are  able  to  supply  self- 
sufficiently  micro  and  sensor  systems.  For  the  realiza¬ 
tion  of  such  systems  a  smart  low  power  management 
is  required. 

*  The  increase  of  the  output  power  is  in  the  first  line 
possible  by  an  improvement  of  the  present  used  tech¬ 
nology,  by  decreasing  the  substrate  thickness  and  by  a 
raising  of  the  film  thickness,  whereby  for  technologi¬ 
cal  and  economical  reasons  here  seems  to  be  a  limit. 

*  Whereas  in  the  present  time  it  is  not  possible  to  supply 
such  systems  as  micro  mechanic  pumps  or  turbines  - 
their  energy  consumtion  lies  considerably  higher  than 
the  LPTG  can  give  -  but  in  this  field  more  and  more 
applications  will  be  generated  in  future. 
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Abstract 

We  have  proposed  the  use  of  hamburger-type 
thermoelectric  elements  for  a  new-type  module  assembled 
by  screwing.  In  the  present  work,  the  new-type  module 
is  manufactured  and  tested.  The  thermoelectric  materials 
used  are  quasi-single  crystals  of  (Bi,SbHTe,Se)i.  The 
maximum  electric  power  of  the  test  module  of  5.8  *5.8  x 
2.9  cm3  in  size  at  the  temperature  difference  of  86  °C 
between  end  surfaces  of  thermoelectric  material  disks 
amounts  to  1.1 4W  with  the  current  of  4. 55 A.  The  ratio 
of  electrical  contact  resistance  to  the  total  resistance  of 
thermoelectric  material  disks  is  unexpectedly  large, 
caused  by  the  unfit  soldering  between  thermoelectric 
material  disks  and  copper  blocks  composing  the 
hamburger-type  thermoelectric  elements.  The  contact 
resistance  between  the  metallic  parts  is  reduced  by 
spreading  metallic  paste  composed  of  the  two-phase 
structure  of  liquid  InGa  +  solid  Zn. 

Introduction 

Previously,  the  present  authors  have  pointed  out  that 
conventional  thermoelectric  modules  have  a  serious 
structural  defect  concerning  thermal  shear  stress,  and 
also  have  proposed  the  use  of  hamburger-type 
thermoelectric  elements  for  a  new-type  module  without 
the  serious  structural  defect.  The  new-type  module  is 
assembled  by  screwing  [1,  2,  3).  Generally,  It  is 
demanded  simultaneously  that  both  electrical  and 
thermal  contact  resistances  in  the  module  are  as  small  as 
possible,  in  addition  to  the  prevention  of  thermal  shear 
stress. 

The  purpose  of  the  present  work  is  to  get  technical  data 
and  know-hows  necessary  for  designing  and 
manufacturing  the  new-type  module  mentioned  above. 

Preparation  of  the  new-type  module 

Thermoelectric  element  materials 

Quasi-single  crystal  ingots  of  (Bi,Sb)2  (Te,Se)3  of  p  and  n 
types  are  prepared  as  the  thermoelectric  element 
materials,  which  are  10  cm  in  length  and  1  cm  in 


diameter.  From  the  ingot,  the  12  disks  of  p  and  n  type 
materials  are  cut  out,  which  are  0.3  cm  in  thickness 
and  have  a  center  hole  of  0.32  cm  in  diameter.  The 
manufacturing  process  of  the  quasi-single  crystal  ingots 
and  test  results  of  the  thermoelectric  properties  were 
reported  previously  [3],  These  properties  are  summarized 
in  Table  1  . 

Assembly  of  the  new-type  module 

Fig.  1  shows  the  new-type  module  ;  (a),  (b),  and  (c) 

show  a  hamburger-type  thermoelectric  element,  process  of 
assembling,  and  top  and  side  views  of  the  module, 
respectively.  The  copper  blocks  and  the  thermoelectric 


Electrode 


Fig.  1  The  new-type  module  assembled  by  screwing 
using  hamburger-type  thermoelectric  elements 

(a)  A  hamburger-type  thermoelectric  elements 

(b)  Assembly  of  the  module. 

(c)  Top  and  side  views  of  the  module. 


material  disk  are  soldered,  the  total  length  of  the 
element  being  0.9  cm.  The  module  is  assembled  on  a 
copper  base-plate  of  5.8X5.8  x  0.4  cm3  having  25 
holes  of  0.4  cm  in  diameter,  with  two  rubber  insulating 
sheets  of  5.8  x5.8  x0.01  cm3,  24  hamburger-type 
thermoelectric  elements,  24  metal  segments  of  lx2.2  x 
0.2  cm3  having  two  holes,  two  copper  electrodes  of 
1x3. 5X0. 2  cm3,  a  heat  transfer  plate  of  5.8  x5.8  x 
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Table  1  Tliermoelectric  properties  of  quasi-single  crystal  disks  of  (Bi,Te:h(Te,Se)3 
of  p  and  n  type  used  as  thermoelectric  elements 


Physical  properties 
Specimens 

p  X  103 

Q  cm 

a  X  10s 
Vt~  ' 

K  x  10J 

WcnT  1 C"  1 

Z  X  103 
f ' 

Bi0.  s  Sbi .  sTe2 .  jsSe0.  is 
+0.  lSwtXSe  (p-type) 

1.  37 

233 

1.  29 

3.  14 

Bit.  i Sb0.  jTez.  ssSeo.  is 
+  0.  09w1;%HgBr z  (n-type) 

0.  91 

-241 

2.  00 

3.  19 

0.4  cm3  and  25  insulator  screws  of  0.3  cm  in  diameter. 
The  new-type  module  has  the  n  type  structure,  being 
connected  electrically  in  series  and  thermally  in  parallel, 
similar  to  conventional  modules.  A  concentration  of 
shear  stress  due  to  thermal  expansion,  occurring  near  the 
contact  planes  between  the  metal  segments  and  the 
thermoelectric  elements,  can  be  avoided  by  taking  the 
screwing-structure.  Ready-made  insulator  screws  of 
strengthened  synthetic  resin  are  used  for  assembling  the 
modules,  which  endure  high  temperatures  up  to  230  °C  . 
For  reducing  electrical  contact  resistances  between  the 
metal  segments  and  hamburger-type  thermoelectric 
elements,  we  have  developed  a  metallic  paste  having  the 
two-phase  structure  of  liquid  InGa  +  solid  Zn. 
Although  the  eutectic  point  of  InGa  is  16.5  °C,  this 
paste  is  not  completely  molten  up  to  about  200  °C ,  being 
something  like  sherbet  at  room  temperature. 

Test  results  of  the  new-type  module 
Apparatus  for  test 

Fig.  2  shows  an  apparatus  for  measuring  heat  transfer 
and  thermoelectric  properties  of  the  test  module,  which 
is  composed  of  two  calorimeters,  a  heater  block  with  a 
power  supply,  and  an  electronic  load  equipment.  The 
lest  module  is  sandwiched  between  upper  and  lower 
calorimeters,  each  of  which  is  composed  of  a  nickel 
block  and  five  thermocouples.  The  nickel  block  has  five 
small  holes  for  inserting  CA-thermocouples  in  the  side 


Fig.  2  Equipment  for  measuring  heat  transfer  and 
thermoelectric  properties  of  a  thermoelectric 
module. 


surfaces.  The  heat  flow  through  the  nickel  block  is 
estimated  from  the  temperature  distribution  measured  by 
these  thermocouples  and  a  digital  thermometer  with  a 
changeover  switch. 

At  the  contact  planes  between  the  test  module  and  the 
nickel  blocks,  silicon  grease  is  spread  to  reduce  the 
thermal  contact  resistance.  Moreover,  a  constant  weight 
of  50  kg  is  added  on  the  heater  block  to  keep  the  good 
thermal  contact  between  the  test  module  and  the 
calorimeters.  Surroundings  of  the  calorimeters  and  the 
test  module  are  enclosed  with  heat  insulating  materials 
and  bricks.  Thermoelectric  properties  are  measured 
using  an  electronic  load  equipment  FK-1000L  of 
Takasago  Co.  Ltd.  The  electric  power  consumed  by 
the  load  resistance  Ri  is  measured  as  a  function  of  Ri  in 
the  range  of  0.007  to  2  Q  . 

Heat  flow  through  nickel  blocks 

Fig.  3  shows  temperature  distribution  curves  in  the 
upper  and  lower  nickel  blocks  when  the  heat  source 
temperature  is  150,  200  or  250  °C  and  the  heat  sink 
temperature  is  17  °C.  The  temperatures  at  the  end 
surfaces  of  the  nickel  blocks  are  determined  by  linear 
extrapolation.  In  the  case  of  a  heat  source  temperature 
of  250  °C,  the  upper  and  lower  surface  temperatures  of 
the  upper  nickel  block  are  230  and  216  °C, 
respectively,  the  difference  being  14°C.  The  uniform 
heat  flow  through  the  nickel  block  is  given  by 

Q-  n(s/L) a  y;  (i) 

where  S  is  the  cross  sectional  area  ,  L  the  length,  k  the 
thermal  conductivity,  and  A  T  the  temperature 
difference.  In  the  case  of  the  upper  nickel  block  in  the 
above  example,  S  =  42.3  cm2  ,  L  =  2.45  cm,  A  T  = 

14  °C  and  k  =  0.73  W  cm  ' 1  °C " 1  at  the  average 
temperature  of  223  °C  [4],  and  thus  the  heat  flow  is 
calculated  as  Qu  =  201  W.  Similarly,  the  surface 

temperatures  of  the  lower  nickel  block  are  31  and  21  °C 
and  AT—  10  °C.  Since  jc  =0.90  W  cm'1  °C“  1  at  the 
average  temperature  of  26  °C ,  the  heat  flow  through  the 
lower  nickel  block  is  Ql  =  155  W.  The  difference 
between  Qw  and  Qi  is  mainly  related  to  the  Peltier 
and  Joule  heat  in  the  thermoelectric  elements,  and  also 
may  be  included  heat  leakage  from  the  calorimeters  and 
the  test  module. 
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Fig.  3  Temperature  distribution  in  the  two  nickel 
blocks  at  heat  source  temperature  of  150, 
200  or  250  °C. 


Thermoelectric  properties  of  the  module 


When  a  load  resistance  Ri  is  connected  to  electrodes  of 
tire  module,  the  current  I  of  the  circuit  is  given  by 
E 


(2) 


E  =  n  a  A  0  and  Ri  =  ra  +ru  +rc. 


where  E  is  the  electromotive  force  and  R<  is  the  internal 
resistance;  n  is  the  total  number  of  thermoelectric 
elements,  a  =(  |  a  P  |  +  |  a  -  |  )/2  is  an  average  value 
of  thermoelectric  power  of  p  and  n  type  elements,  and 
A  0  is  temperature  difference  between  the  two  ends  of 
thermoelectric  material  disks;  n ,  rw  and  re  are  the 

resistance  of  thermoelectric  material  disks,  the  resistance 
of  metallic  parts,  and  the  electrical  contact  resistance, 
respectively.  The  electric  power  P  consumed  by  the 

load  „rt  resistance  Rl  is  given 

,  „  Rib 

by  P=RlF  = 


(Rl+Rz) 


(3) 


The  P  -  Rl  curve  shows  a  maximum  value 
when  Ri  =  Ri  .  The  maximum  electric  power  Pmax  is 
given  by  (n  a  A  0  )2 

(4) 

Fig.  4  shows  P-  Rl  and  7-  Rl  curves  of  the  module  at 
heat-source  temperatures  of  150,  200  or  250  °C.  In  the 
case  of  250  °C,  P  has  a  maximum  values  of  1.14  W 
at  Rl  =  0.055  Q  ,  where  7  -  4.55A.  Thus  we  obtain  Pi 
=  0.055  Q. 


Heat  flow  through  the  module 

Temperature  difference  A  0  between  the  two  ends  of 


Fig.  4  The  load  resistance  Rl  dependences  of  electric 
power  P  and  current  7  of  the  new-type  e 
module  at  heat  source  temperature  of  150, 
200,  or  250  °C 


thermoelectric  material  disks  can  be  estimated  by  Eq.  (4) 
using  /W  =  1.14W,  P,=  0.055  Q ,  n  =  24  and  a 
=2.37  x  10-4  V  °C  ' 1 ,  and  so  A  0  =  86  °C.  The  total 
heat  flow  Qe  through  the  thermoelectric  material  disks 
can  be  estimated  by  Eq.  (1)  using  k  =0.0165  Wcm*1  °C*1, 
S  =  16.9  cm2,  L  =  0.3  cm  and  A  T  —  86  °C,  as  Qe  = 
80  W.  This  value  is  fairly  small  in  comparison  with  the 
heat  flows  through  the  nickel  blocks  (  Qu  =  201  W  ;  Ql  = 
155  W). 


Discussion 

We  have  measured  the  heat  flows  Qu  and  Ql  through  the 
nickel  blocks  and  compared  them  with  the  heat  flow  Qe 
through  the  thermoelectric  material  disks  calculated  by 
using  the  value  of  A  0  ,  which  is  estimated  from  the 
load  resistance  and  the  maximum  electric  power  Pmax  of 
the  test  module.  However,  there  are  large  differences 
among  these  values,  which  are  related  to  the  Peltier  and 
Joule  heat  in  the  thermoelectric  elements,  and  also  to 
the  heat  leakage  through  the  heat  insulating  materials  and 
air  convection. 

The  heat  flow  Qs  through  the  insulating  screws  can  be 
easily  calculated  by  Eq.(l)  using  k  =0.007  Wcm'1  °C'1, 

S  =1.18  cm2,  L  =  2.3  cm  and  A  T  =  184  °C,  as  Qs  = 
0.1 6W.  This  value  is  much  smaller  than  Qe . 

To  improve  both  the  generating  power  and  the  energy 
conversion  efficiency  of  the  module,  we  have  to  reduce 
the  thermal  contact  resistance  between  the  module  parts, 
and  to  get  A  0  as  large  as  possible  at  a  given  heat 
source  temperature. 

Next,  let  us  consider  the  electrical  contact  resistance  in 
the  test  module.  We  should  note  that  the  electrical 
contact  resistance  is  important,  especially  in  the  case 
where  very  thin  thermoelectric  material  disks  are  used. 
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The  resistances  of  thermoelectric  material  disks  and 
metallic  parts  in  the  present  test  module  are  estimated  as 
n  =  1.2  xlO'2  f25  and  rM  =  1  xlO"4  & ,  respectively. 

Since  R\  =  0.055  Q  ,  the  electrical  contact  resistance  is  References 
estimated  as  re  =  4.3  xlO*2  fi,  so  rein-  amounts  to  3.6. 

This  value  is  too  large  in  comparison  with  that  of  the  [1]  Y  Tanji  et  ah:  Proceedings  12th  ITC  (1993, 

HZ-14  module  of  Hi-Z  Technology  Inc,  which  we  also  Yokohama)  ,  452-457. 

tested  using  the  same  equipment.  We  obtained  rein  =  [2]  Y.  Tanji  et  al.  :  Proceedings  13th  ITC 

0.2  for  the  HZ-14  module  on  the  same  condition.  (1994,  Kansas  City),  332-338  . 

We  have  found  a  few  of  the  hamburger-type  [3]  Y.  Tanji  et  ah  :  Proceedings  14  the  ICT 

thermoelectric  elements  in  the  test  module  show  (1995,  Petersburg)140-144. 

abnormally  large  values  of  electrical  resistance,  [4]  Ed.  Y.S.Toutoukian  et  ah:  The  TPPCD 

especially  in  the  p  type  elements.  This  is  considered  to  be  DATA  Series,  Thermoelectrical  Properties 

caused  by  the  unfit  soldering  between  the  thermoelectric  of  Matter.  Vol.  1,  Thermal  Conductivity 

material  disks  and  the  copper  blocks.  If  the  contact  Metallic  Elements  and  Alloys  (1FI  / 

surfaces  of  the  thermoelectric  material  disks  would  be  PLENUM,  New  York,).  1970). 

plated  by  nickel  in  advance  before  the  soldering  in  the 

present  work,  these  resistances  might  be  remarkably 

reduced.  Other  contact  resistances  between  the  metallic 

parts  are  also  important  in  the  new-type  module 

assembled  by  screwing.  We  have  confirmed  that  these 

contact  resistances  are  sufficiently  small  by  using  the 

metallic  paste  of  InGaZn  mentioned  above.  Therefore,  if 

the  soldering  of  the  elements  is  improved  and  the  value 

of  rJn  of  the  new-type  module  is  reduced  down  to 

0.2,  the  maximum  electric  power  may  amount  to  more 

than  10  Wat  A  0  =  150  °C. 


Conclusions 

The  maximum  generating  power  of  the  test  module  at 
A  0  =  86  °C  amounts  to  1.14W  with  the  current  of 
4.55A.  The  ratio  of  electrical  contact  resistance  to  the 
total  resistance  of  thermoelectric  material  disks  amounts 
to  3.6,  being  unexpectedly  large.  This  is  caused  by  the 
unfit  soldering  between  thermoelectric  material  disks  and 
copper  blocks  composing  the  hamburger-type 
thermoelectric  elements.  If  the  contact  surfaces  of  the 
thermoelectric  material  disks  would  be  plated  by  nickel 
in  advance  before  the  soldering,  we  might  be  able  to 
prevent  the  unfit  soldering.  The  electrical  contact 
resistances  between  the  metallic  parts  are  sufficiently 
small  by  spreading  metallic  paste  composed  of  the 
two-phase  structure  of  liquid  InGa  +  solid  Zn.  If  the 
soldering  is  improved,  we  can  expect  that  the  new-type 
module  will  generate  more  than  10  W  at  A  0  =  150  °C. 
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Abstract 

At  Fraunhofer  ISE,  a  photovoltaic/thermoelectric  hybrid 
system  has  been  developed  as  a  power  supply  for  repeaters 
(e.g.  mobile  telephone  repeaters)  and  integrated  into  a  newly 
constructed  repeater  station.  A  modified  thermoelectric  gen¬ 
erator  from  the  Canadian  Global  Thermoelectric  company  has 
been  used  as  the  auxiliary  generator.  A  microprocessor- 
controlled  energy  management  system  (EMS)  allows  fully 
automatic  operation  with  minimal  use  of  fossil  fuels  and  ap¬ 
propriate  battery  operation  management. 

As  the  auxiliary  power  supply  can  support  the  PV  genera¬ 
tor  in  supplying  power  to  the  load  during  periods  with  little 
sunlight,  a  very  reliable  power  supply  is  achieved.  Further,  the 
dimensions  of  the  PV  generator  and  the  battery  capacity  can 
be  reduced  without  affecting  the  supply  reliability.  In  Central 
Europe,  for  instance,  the  size  of  the  PV  generator  can  be  re¬ 
duced  to  a  third  of  that  needed  for  an  exclusively  PV  system, 
if  only  10  %  of  the  annual  demand  is  met  by  the  auxiliary 
generator.  This  allows  a  compact  construction  of  the  photo¬ 
voltaic  hybrid  system  and  helps  the  numerous  requirements  on 
isolated  telecommunications  facilities  to  be  fulfilled. 

Introduction 

Repeaters  are  digital  radio  signal  amplifiers,  which  in¬ 
crease  the  connection  reliability  of  mobile  telephones  within 
radio  cells  and  raise  the  accessibility  level  throughout  the 
network.  They  receive  the  conversations,  which  have  been 
converted  to  digital  data,  by  radio,  process  them  and  transmit 
them  on  to  a  base  station,  also  by  radio.  In  rural  areas  and  in 
mountainous  regions,  repeaters  often  have  to  be  installed  and 
operated  at  sites  remote  from  the  public  electricity  grid.  The 
power  supply  for  repeaters  should  be  reliable  and  free  of 
maintenance. 

If  a  public  electricity  grid  is  not  available  to  supply  the  re¬ 
peaters,  or  if  other  reasons  such  as  high  connection  costs,  long 
waiting  times  or  the  need  for  local  flexibility  speak  for  a  grid- 
independent  supply,  an  autonomous  electric  power  supply 
system  must  be  constructed.  To  date,  such  stand-alone  power 
supplies  have  mainly  been  based  on  fossil-fuelled  motors 
coupled  to  generators.  Apart  from  the  consumption  of  limited 
fossil  fuel  reserves,  the  disadvantages  of  these  systems  include 
the  creation  of  noise  and  exhaust  gases,  the  constant  need  to 
obtain  fuel  and  the  high  amount  of  maintenance,  particularly 
for  continuous  operation.  For  these  reasons,  and  due  to  the 
progress  made  in  recent  years  on  regenerative  energy  conver¬ 


sion,  photovoltaic  generators  are  being  used  increasingly  of¬ 
ten.  Because  of  the  seasonal  fluctuations  in  solar  radiation,  an 
exclusively  photovoltaic  power  supply  leads  to  very  large  and 
thus  expensive  systems  in  the  temperate  zones.  In  order  to 
avoid  these  disadvantages,  the  photovoltaic  generator  is  usu¬ 
ally  combined  with  other  power  generators. 

Within  the  research  project  on  ’’Products  with  integrated 
photovoltaic  power  supply”,  supported  by  the  German  Federal 
Ministry  for  Education,  Science,  Research  and  Technology 
(BMBF),  potential  auxiliary  generators  were  investigated  at 
Fraunhofer  ISE,  and  a  photovoltaic  hybrid  system  as  a  stand¬ 
alone  power  supply  for  repeaters  in  mobile  telephone  net¬ 
works  was  designed  and  constructed  (fig.  1). 

Potential  auxiliary  generators  for  small  photovoltaic 
hybrid  systems 

In  general,  diesel  generators  are  used  today  in  larger  pho¬ 
tovoltaic  hybrid  systems  with  an  energy  demand  of  around  10 
kWh/day.  For  systems  with  a  daily  energy  demand  of  a  few 
hundred  Wh  up  to  a  few  kWh,  small  combustion  motors, 
small  fuel  cells,  thermoelectric  generators  (TEG),  thermopho- 
tovoltaic  generators  (TPV)  or  appropriate  thermodynamic 
converters  such  as  small  Stirling  motors  all  come  into  ques¬ 
tion  in  principle.  If  adequate  commercial  availability  is  also 
required,  at  present  the  choice  is  narrowed  essentially  to  small 
combustion  motors  (diesel,  petrol)  with  a  coupled  generator, 
and  thermoelectric  generators.  High  reliability,  almost  silent 
operation  and  simple  remote  starts  all  speak  for  the  applica¬ 
tion  of  thermoelectric  generators  in  small  PV  hybrid  systems. 


Fig.  1:  Repeater  station  with  a  photovoltaic  generator. 
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Configuration  of  the  photovoltaic/thermoelectric  hybrid 
system 

Computer  simulations  made  at  Fraunhofer  ISE  have 
shown  that  in  Central  Europe,  the  size  of  the  PV  generator  can 
be  reduced  to  a  third  of  that  needed  for  an  exclusively  PV 
system,  if  only  10%  of  the  annual  demand  is  met  by  the  auxil¬ 
iary  generator  [1],  Further,  the  overall  system  reliability  is 
higher  for  a  hybrid  system,  as  the  redundancy  means  that  if 
one  energy  supply  breaks  down,  the  load  can  be  supplied 
temporarily  by  the  other  alone.  The  following  diagram  (fig.  2) 
illustrates  the  basic  configuration  of  a  repeater  station. 

The  photovoltaic  hybrid  system  consists  of  two  solar  gen¬ 
erator  arrays  of  different  size,  with  a  total  power  of  1 100  W. 
The  battery  has  a  capacity  of  480  Ah/12  V.  The  typical  power 
drawn  by  a  solar  mobile  telephone  repeater  is  simulated  by  a 
permanent  load  of  50  W  in  the  experimental  system. 


Fig.  2:  Basic  configuration  of  the  energy  supply  for  a  repeater 
station. 


A  modified  thermoelectric  generator  from  the  Canadian 
company,  Global  Thermoelectric,  model  5120  (120  W),  is 
used  as  the  auxiliary  generator  (fig.  3). 

A  micro-controlled  energy  management  system  (EMS), 
newly  developed  at  Fraunhofer  ISE,  ensures  fully  automatic 
operation  with  minimal  consumption  of  fossil  fuel  and  appro¬ 
priate  battery  operation  management. 


Fig.  3:  Thermoelectric  generator. 


The  energy  management  system  with  state-of-charge 
determination 

The  EMS  is  based  on  the  electricity-saving  micro¬ 
controller,  H8/337  from  Hitachi.  It  has  a  very  low  power  con¬ 
sumption  of  less  than  40  mW.  The  EMS  is  divided  into  a  mi¬ 
cro-controller  and  a  power  unit  (fig.  4).  This  means  that  it  can 
be  adapted  flexibly  to  different  power  requirements.  In  addi¬ 
tion,  it  has  a  convenient  operating  system,  with  which  the  user 
can  call  up  the  system  state  onto  the  LC  display  with  various 
menus.  The  system  can  also  be  simply  configured  and 
parametrised  via  the  user  interface.  The  EMS  is  thus  open  for 
many  customer-specific  settings.  Further,  care  was  taken  to 
use  standard  components  such  as  the  I2C  bus  and  to  develop 
the  software  in  the  high-level  language  C. 


Fig.  4:  Micro-controller  unit  of  the  EMS. 


The  central  decision  quantity  for  the  energy  management 
is  the  state  of  charge  of  the  battery.  It  is  determined  with  an 
adaptive  state-of-charge  method  developed  at  Fraunhofer  ISE. 
This  is  based  on  a  current  balance,  which  is  recalibrated  when 
the  fully  charged  state  of  the  battery  is  recognised.  The  recali¬ 
bration  is  necessary,  as  errors  in  the  current  measurement  and 
balance  can  occur  over  longer  periods  and  allow  the  value  of 
the  state  of  charge  to  drift.  During  recalibration,  the  state  of 
charge  is  reset  to  100%  and  the  loss  current  for  the  battery  is 
recalculated.  The  fully  charged  state  is  recognised  when  first 
the  battery  voltage  exceeds  the  equilibrium  voltage  for  a  long 
period,  second  the  battery  current  is  within  the  range  of  the 
loss  current  and  third  the  change  of  the  battery  current  with 
time  is  almost  zero. 

To  control  the  battery,  the  EMS  includes  deep  discharge 
protection  and  a  guard  against  overcharging,  which  is  inde¬ 
pendent  of  the  state-of-charge  determination.  The  solar  gen¬ 
erators  can  be  controlled  by  the  EMS  in  groups  and  sequen¬ 
tially.  The  decision  to  switch  the  load  or  the  TEG  on  or  off 
depends  on  the  battery’s  state  of  charge. 
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Repeater  station  construction 

The  housing  of  the  repeater  station  was  completely  recon¬ 
structed,  to  take  account  of  the  specific  requirements  on  un¬ 
manned  telecommunications  facilities,  remote  from  the  grid. 
The  repeater  station  is  practically  impregnable  to  burglars  and 
vandals.  Protection  is  achieved  by  use  of  a  monolithic  con¬ 
crete  building  component  and  installation  of  burglar-proof 
doors.  The  solar  modules  are  protected  against  theft  by  instal¬ 
lation  with  a  special  substructure  on  a  continuous  concrete 
slab  (fig.  5). 


Fig.  5:  Integration  of  the  solar  generator  into  the  roof  of  the 
repeater  station. 


As  the  solar  generator  is  tilted  at  50°,  dust,  leaves  and  in 
particular  snow  can  slide  off  the  modules  very  easily.  This  en¬ 
sures  that  the  photovoltaic  system  will  operate  reliably  in 
winter  also,  without  serious  losses  due  to  shading. 

Economic  viability  of  the  photovoltaic/thermoelectric 
hybrid  system 

The  economics  of  the  photovoltaic/thermoelectric  hybrid 
system  (770  Wpeak  solar  generator;  5,8  kWh  industrial  battery; 
120  W  TEG;  50  W  permanent  output)  has  been  analysed.  The 
most  important  economic  parameters  are  listed  in  table  I: 

In  a  first  step,  the  sensitivity  of  the  most  cost  relevant  pa¬ 
rameters  are  calculated  based  on  the  annuity  method. 

7.23  DM/kWh  in  the  reference  case  is  within  the  range  of 
costs  for  autonomous  power  supplies.  23%  of  the  annual  costs 
are  related  to  staff  for  operation  and  maintenance  (O&M). 
Although  TEG's  are  very  reliable,  most  of  the  annual  costs  are 
spent  on  O&M.  The  largest  cost  reduction  can  be  achieved  by 


reducing  the  TEG  as  much  as  possible,  here  its  annual  cost 
share  is  22%. 

Battery  investment  as  well  as  installation  represent  con¬ 
siderable  factors  in  the  investment  costs.  A  reduction  of  50% 
for  one  of  them  would  reduce  the  levellised  electricity  costs 
by  9%. 

The  reduction  of  the  lifetime  of  the  stationary  industrial 
batteries  (reference:  8  years)  will  increase  the  levellised  elec¬ 
tricity  costs  appreciably.  As  the  share  of  renewables  is  high  in 
the  total  electricity  production,  two  factors  are  of  almost  no 
significance  for  the  total  costs:  the  fuel  price  and  the  TEG  ef- 
ficiency. _ _ 


Costs 
investment 
maintenance  fuel 

Depreciation 

time 

Efficiency 

PV* 

8.5  DM/Wd 

20  a 

14% 

TEG 

79.2  DM/W 

20  a 

3% 

Gasoline 

generator 

1.1  DM/W 

10000 h 

7% 

Battery 

460  DM/kWh 

8  a 

EMS 

1000  DM 

15a 

Charge 

controller 

\  DM/W 

15a 

Maintenance 

2%  of  the  in¬ 
vestment,  at  least 

1  working  day 

LPG 

2.11  DM/kg  in 
bottles 

1  DM/kg  refill¬ 
ing  storage  tank 

Gasoline 

1.60  DM/1 

Tab.  I:  Economic  parameters  of  the  hybrid  system  and  its  al¬ 
ternatives.  *(+15%  support  structure) 


The  crucial  financial  parameter  is  the  real  interest  rate: 
doubling  the  rate  from  4  to  8%  means  an  increase  in  the  lev¬ 
ellised  electricity  costs  of  22%. 

In  a  second  step  the  reference  hybrid  systems  has  been 
compared  with  all  alternative  power  supplies.  These  are: 

•  an  autonomous  PV-battery  system  (0.77  kWp;  4.8  kWh 
stationary  industrial  battery)  for  tropical  climatic  condi¬ 
tions 

•  an  autonomous  PV-battery  system  (2.3  kWp;  12  kWh  sta¬ 
tionary  industrial  battery)  for  temperate  zones 

•  one  120  W  TEG  generator 

•  one  120  W  TEG  with  a  5.8  kWh  battery 

•  one  2  kVA  gasoline  generator 

•  one  2  kVA  gasoline  generator  with  a  5.8  kWh  battery 

•  one  2  kVA  gasoline  generator  with  a  5.8  kWh  battery  and 
750  Wp  PV 

•  one  3  kVA  diesel  generator 

The  following  figure  6  shows  the  cost  comparison  based  on 
the  annuity  method  with  a  4%  real  interest  rate.  The  pure 
fossil-fuelled  generator  systems  (gasoline,  diesel)  have  not 
been  included  in  the  figure  due  to  their  enormous  O&M  costs, 
as  the  engines  must  be  overhauled  every  250  or  500  operation 
hours,  respectively.  These  options  are  of  relevance,  if  much 
more  electricity  is  consumed. 
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stand-  reference  TEG  petrol- 

alone  PV-  system  system  PV- 

battery  (TEG-PV-  battery 

system  battery)  system 


Fig.  6:  Cost  comparison  of  the  reference  case  with  its  supply 
alternatives  in  temperate  zones. 


An  autonomous  PV-battery  system  is  more  expensive  in 
temperate  zones  but  the  least  cost  option  in  tropical  areas,  as 
both  the  PV  generator  and  the  battery  can  be  dimensioned 
smaller. 

The  reference  TEG-PV-battery  hybrid  system  and  a  pure 
TEG  system  are  the  cheapest  alternatives.  Low  interest  rates, 
cheap  batteries,  a  further  cost  reduction  of  PV  or  LPG  prices 
above  1  DM/kg  makes  the  reference  system  the  least  cost  al¬ 
ternative. 

Moreover,  the  hybrid  system  with  TEG  and  PV  guarantees 
a  lower  loss-of-load  probability  and  saves  2.4 1  of  C02  annu¬ 
ally.  This  means  that  the  annual  C02  avoidance  costs  are 
47  DM/t  C02  which  is  cheap  compared  to  other  C02  reducing 
technologies  for  grid  connected  power  supply. 

In  a  third  step  the  cost  parameters  of  all  system  configu¬ 
rations  listed  above  have  been  varied.  The  following  con¬ 
clusions  can  be  drawn: 

An  autonomous  PV-battery  system  is  always  the  cheapest 
solution  for  this  small  load,  if  the  site  is  located  in  tropical  ar¬ 
eas.  Higher  interest  rates,  typical  for  developing  countries, 
improves  the  cost  competitiveness  of  low  investment  alterna¬ 
tives.  The  operation  in  low  income  countries  makes  pure 
fossil-fuelled  generator  systems  also  attractive,  if  the  regular 
maintenance  checks  can  be  guaranteed.  The  cost  reduction  of 
PV  influences  the  ranking  of  all  systems.  If  world  market 
prices  drop  below  4  DM/Wp,  autonomous  PV-battery  systems 
are  cheaper  than  pure  TEG  systems.  TEG  are  considered  as 
very  reliable,  therefore  they  are  the  only  fossil-fuelled  alter¬ 
native  in  this  small  power  size. 


Summary  and  outlook 

The  photovoltaic  hybrid  system  presented  is  a  very  reliable 
and  economically  attractive  power  supply  for  grid- 
independent  repeaters  in  mobile  radio  telephone  networks. 

Extensive  investigations  and  measurements  have  shown 
that  there  is  still  considerable  potential  for  optimisation,  par¬ 
ticularly  concerning  the  gas  burner  and  the  connection  of  the 
thermoelectric  modules  to  the  heat  source.  For  example,  the 
total  efficiency  value  and,  in  particular,  the  exhaust  emission 


of  the  thermoelectric  converter  can  be  improved  by  using  a 
large-area  burner  or  a  catalytic  burner  [2], 

Due  to  the  flexible  configuration  of  the  construction  and 
the  custom-programmable  control,  the  system  can  also  be 
used  as  the  power  supply  for  other  facilities  remote  from  the 
grid,  such  as  environmental  measurement  stations,  aviation 
safety  equipment  and  traffic  guiding  systems. 

The  economics  of  the  demonstration  plant  has  been  in¬ 
vestigated  in  details. 

A  sensitivity  analysis  of  all  cost  relevant  parameters  of  the 
reference  hybrid  system  shows  that  the  TEG  size  needs  to  be 
reduced  as  much  as  possible. 

In  a  second  step  the  reference  system  has  been  compared 
with  all  relevant  supply  alternatives.  The  autonomous  PV 
battery  system  is  always  the  cheapest  solution  for  this  small 
load,  if  the  site  is  located  in  tropical  areas,  but  not  in  temper¬ 
ate  zones.  The  fossil-fuelled  generators  (gasoline,  diesel)  are 
too  expensive  due  to  their  enormous  O&M  costs. 

It  is  proved  that  the  hybrid  system  designed  and  operated 
by  the  Fraunhofer  ISE  is  cost  competitive  with  pure  TEG  gen¬ 
erator  systems.  Moreover,  the  hybrid  system  guarantees 
higher  reliability  and  avoids  2.4  t  of  C02  annually.  Last  but 
not  least  the  use  of  PV  means  a  positive  and  cheap  public  rela¬ 
tion  effort  for  any  telecommunication  operator. 
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Abstract 

Technical  and  economical  analysis  of  thermoelectric 
generators  use  for  heat  wastes  from  heat  machines  and 
industrial  heat  wastes  utilization  have  been  given.  Generators' 
technical  and  economical  data  resulting  from  this  analysis 
have  been  presented.  Block  concept  of  100-200W  generators 
development  has  been  described.  Development  and  test 
results  of  a  500W  and  lkW  generator  blockshave  been  given. 

The  essence  of  the  problem 

The  work  of  heat  engines  is  accompanied  by  the  release 
of  a  considerable  amount  of  thermal  energy.  Diesel  engines 
release  as  waste  heat  up  to  55%,  carburetor  engines  -  up  to 
70%,  gas-turbine  plants  -  up  to  65%  of  thermal  energy  spent 
on  their  operation.  This  is  an  enormous  amount  of  waste  heat, 
therefore  its  subsequent  utilization  for  the  electrical  energy 
production  is  of  great  interest. 

However,  waste  heat  is  a  low-grade  heat  with 
temperature  about  200-400°C.  For  such  low  temperatures  the 


Fuel  combustion 
thermal  energy 


machine  methods  of  thermal-into-electrical  energy 
conversion  are  inefficient.  Therefore,  despite  its 
comparatively  low  efficiency,  thermoelectric  method  may 
become  rational  for  this  low-grade  heat  utilization.  Really, 
the  up-to-date  thermoelectricity  level  allows  to  create 
thermogenerators  with  the  efficiency  about  5-6%  at  the  hot 
temperature  250-300°C;  8-10%  at  the  hot  temperature 
400-j-500°C  and  12-15%  at  the  hot  temperature  about 
600-800°C. 

Such  generators  can  be  used  for  the  creation  of 
additional  low-temperature  cascade  in  a  heat  engine.  This 
device  is  schematically  shown  in  Fig.l.  It  is  seen  from  the 
figure  that  about  30%  of  the  total  fuel  combustion  thermal 
energy  is  converted  to  mechanical  energy  by  the  engine.  The 
rest  70%  is  partially  withdrawn  for  the  engine  cooling  (about 
20%)  and  about  50%  is  carried  away  by  the  spent  gases.  The 
utilization  of  thermal  energy  of  spent  gases  by  using 
thermogenerator  with  the  efficiency  of  about  10%  allows  to 
obtain  up  to  5%  of  electrical  energy  in  addition  to  the  total 


-17%  of  fuel  saving 


-100% 


Fig.l.  Diagram  of  low-temperature  thermoelectric  cascade  of  heat  engines 
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energy  of  fuel  combustion.  This  adds  about  17%  to  the 
mechanical  energy  of  the  engine  or  provides  up  to  17%  of 
fuel  saving.  These  estimates  are  encouraging,  however,  one 
must  take  into  account  that  technical-and-economic  indexes 
of  thermogenerators  are  no  less  important  for  their  use. 

The  basic  technical-and-economic  indexes  include  the 
cost  of  mounting  and  service  life  of  generators,  or,  in  other 
words,  their  reliability.  The  analysis  shows  that  economical 
expediency  is  present  when  the  cost  of  thermogenerator 
mounting  is  1-3  $AV  with  the  service  life  10-15  years.  Under 
these  conditions  the  mounting  expenses  may  pay  back  in  3-5 
years  and  bring  profit  in  future.  These  conditions  form  an 
exceptionally  complicated  problem  in  thermoelectricity, 
namely,  creation  of  thermogenerators  that  are  superreliable 
and  cheap  at  the  same  time.  In  the  Institute  of 
Thermoelectricity  these  investigations  are  being  conducted  in 
several  directions:  creation  of  Bi-Te-based  thermoelectric 
material  of  increased  efficiency  using  suitable  optimization 
and  material  with  programmed  inhomogeneity;  creation  of 
superreliable  thermoelectric  modules;  development  of  the 
reliability  theory  of  thermoelectric  devices  which  allows  to 
develop  the  accelerated  test  methods  and  design 
thermoelectric  modules  and  generators  of  increased 
reliability.  The  information  on  these  investigations  is  given  in 
Ref,[l,  2.  3]. 

Based  on  them,  the  Institute  of  Thermoelectricity,  the 
“Altec”  company  (Ukraine)  and  the  “Fudzitaka”  company 
(Japan)  are  developing  general-purpose  thermoelectric 
generators  for  the  utilization  of  low-grade  heat.  The 
generators  use  a  block  concept  of  power  build-up.  The 
primary  block  is  a  construction  consisting  of  8  modules  with 
special  liquid  heat-exchangers  [4].  Five  blocks  form  a  section 
which  is  a  changeable  component  in  the  thermogenerator. 
Four  blocks  form  a  primary  block  thermogenerator  with  the 
electric  power  500-800  W.  Heat  from  the  heat  source  is 
supplied  to  the  generators  by  means  of  silicon  liquids  and 
corresponding  heat  exchangers  at  points  of  waste  heat 
release.  Heat  withdrawal  from  the  generators  is  provided  by 
the  running  water.  The  parameters  of  a  typical  generator 
design  with  the  power  500-800 W  are  listed  in  Table  1.  The 
data  in  the  table  correspond  to  parallel  connection  of  primary 
blocks  in  the  cold  and  hot  liquid  circuits  and  series 
connection  of  modules.  However,  depending  on  the 
requirements  of  consumers,  there  is  a  large  range  of  other 
connections  for  convenient  generator  matching  both  in  the 
liquid  and  electrical  circuits. 

These  generators  are  used  to  form  thermoelectric  power 
plants  of  necessary  power  by  their  corresponding  connection 
in  the  thermal  and  electrical  circuits.  The  block  design  of 
these  power  plants  seems  preferable,  since  various  consumers 
have  different  heat  release  values,  as  well  as  their  specific 
requirements  to  the  current  and  voltage  values.  This  type  of 
generator  has  been  developed  for  the  creation  of 
thermoelectric  power  plant  with  the  power  200  kW.  However, 
these  generators  can  be  used  practically  in  any  area  of  human 
activity  where  there  is  waste  heat.  Investigations  are  carried 
out  to  reduce  mass-dimensional  characteristics,  increase 
reliability  parameters  and  reduce  cost. 


Table  1.  Parameters  of  thermoelectric  generator  Altec-1017 


Mode  1 

Mode  2 

Mode  3 

1 

Hot  input  liquid 
temperature,  °C 

200 

250 

250 

2 

Hot  output  liquid 
temperature,  °C 

160 

200 

220 

3 

Hot  liquid  flow 
rate,  ml/s 

225 

180 

300 

4 

Hot  input  liquid 
pressure,  M/Pa 

0.34 

0.22 

0.61 

5 

Hot  output  liquid 
pressure,  M/Pa 

0.01 

0.01 

0.01 

6 

Cold  input  liquid 
temperature,  °C 

50 

50 

20 

7 

Cold  output  liquid 
temperature,  °C 

80 

80 

40 

8 

Cold  liquid  flow 
rate,  ml/s 

100 

100 

150 

9 

Cold  input  liquid 
pressure,  M/Pa 

0.12 

0.12 

0.12 

10 

Cold  output  liquid 
pressure,  M/Pa 

0.015 

0.015 

0.015 

11 

Electrical  voltage,  V 

50 

55 

60.9 

12 

Electrical  current,  A 

10 

11 

11.5 

13 

Electrical  power,  W 

500 

600 

700 

14 

Efficiency,  % 

3.7 

4.6 

5.5 

15 

Number  of  permis¬ 
sible  ”on-off  ’  cycles 

10000 

10000 

10000 

16 

Service  life,  h 

90000 

90000 

90000 

17 

Permissible  short- 
time  overheats  in  the 
hot  part,  °C 

400 

400 

400 

18 

Permissible  short- 

time  overheats  in  the 
cold  parts,  °C 

150 

150 

150 

19 

Dimensions,  cm3 

11880 

11880 

11880 

20 

Weight,  kg 

14 

14 

14 
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Abstract 

Investigation  results  of  state  of  the  art  and  prospects  of 
the  theory,  technology  and  practical  use  of  thermoelectric 
FGM  development  have  been  presented.  Computer 
technologies  for  the  optimal  predicted  inhomogeneities 
determination  have  been  considered.  Data  on  the  limiting 
possibilities  of  thermoelectric  conversion  efficiency 
improvement  by  means  of  FGM  use  as  well  as  the  data  on  the 
FGM  technologies  have  been  given.  New  possibilities  of 
thermoelectric  use  have  been  considered. 

Introduction 

Achievements  in  thermoelectricity  during  the  recent  30- 
40  years  are  first  of  all  due  to  the  progress  in  the  creation  of  a 
thermoelectric  material  with  high  figure  of  merit  values 

2 

Z  =  ^ .  The  maximum  figure  of  merit  is  achieved  by  way 

K 

of  material  optimization.  To  reach  the  maximum  of  Z,  one 
must  find  the  optimal  concentration  from  the  extremum 
condition 

- — - =0  (1) 

d(Ne,Np) 

Thus,  the  result  of  optimization  is  a  number,  namely  the 
value  of  the  optimal  concentration  of  donor  Ne  or  acceptor 
impurities  Np.  Naturally,  the  theory  cannot  indicate  the  exact 
figure  of  doping  impurity  concentration.  Therefore  the 
optimal  concentration  is  experimentally  determined  by  way  of 
creating  materials  with  different  impurity  concentrations  and 
determination  of  their  Z. 

This  method  served  as  the  basis  for  highly  efficient 
thermoelectric  material  technologies  and  guaranteed  the 
progress  of  thermoelectricity  on  the  whole. 

However,  by  the  present  time  these  ways  of  improving  the 
thermoelectric  figure  of  merit  have  practically  exhausted 
themselves.  Despite  the  numerous  efforts,  the  increase  in  the 
figure  of  merit  is  insignificant. 

At  present  one  of  the  most  challenging  trends  of 
increasing  the  efficiency  of  thermoelectric  materials  is  the 
transition  from  a  classical  thermopile  model  where  legs  are 
made  of  the  homogeneous  material,  to  the  thermopiles  where 
legs  are  made  of  materials  whose  properties  are  coordinate 
functions. 

A  large  series  of  investigations  on  the  use  of  the 
inhomogeneus  materials  in  cooling  batteries  has  been 
conducted  in  Ukraine.  A  theore  of  computer-aided  design  of 
materials  with  a  programmable  inhomogeneity  has  been 
developed.  Fig.  1  shows  an  example  of  the  optimal 
inhomogeneity  functions  for  the  materials  based  on  Bi-Te. 


Fig.l.  Optimal  functions  of  thermoelectric  material 
inhomogeneity:  n-type  Bi2Te2  7Seo3 +  (0,09  ...  0,03)CdCl2; 
p-type  Bio.5Sb1.5Te3  +  4%  Te 


These  investigations  have  been  described  in  the 
monograph  [1], 

Technologies  have  been  developed  for  obtaining  these 
materials  by  pressing,  extrusion,  zone  melting  and 
Czochralski  methods.  These  technologies  are  shown 
schematically  in  Fig.  2. 

The  process  of  the  inhomogeneous  material  production 
from  powder  by  pressing  is  shown  in  Fig.2A.  The  layers  with 


Fig.2.  Technological  schemes  of  thermoelectric  material 
production  with  programmable  inhomogeneity. 

A  -  by  pressing;  B  -  by  extrusion;  C  -  by  zone  melting; 

D  -  by  Czochralski  method. 
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different  impurity  concentrations  are  placed  into  pressing 
container.  The  step  function  of  concentration  is  smoothed  out 
by  a  high-temperature  firing.  Fig.  2B  shows  the  technology  of 
obtaining  programmable  inhomogeneity  by  extrusion  method. 
Materials  with  the  desired  concentration  are  placed  into 
extrusion  container.  After  the  extrusion  the  rods  are  also 
subjected  to  a  high-temperature  annealing.  The  inhomoge¬ 
neous  material  production  by  zone  melting  method  with 
changing  the  speed  of  melted  zone  motion  is  shown  in 
Fig.2C,  while  Czochralski  method  of  production  is  shown  in 
Fig.2D.  Inhomogeneity  here  is  formed  by  changing  the  speed 
of  the  melt-replenishing  rod  used  for  material  doping. 

These  materials  have  been  used  for  the  manufacturing  of 
thermopiles  whose  properties  are  shown  in  Fig.  3. 

It  is  seen  from  the  figure  that  when  materials  with 
programmable  inhomogeneity  are  used,  the  maximum 
temperature  drop  in  cooling  thermopiles  increases  from  70  to 
90  degrees,  i.e.  by  25%,  and  the  coefficient  of  performance 
can  increase  several  times.  To  reach  such  parameters  with  the 
homogeneous  materials,  one  must  create  a  material  with  a 
thermoelectric  figure  of  merit  Z=4,5-10‘3  K'1  which  for  the 
moment  is  impossible.  This  example  shows  that  the  use  of 
thermoelectric  materials  with  programmable  inhomogeneity 
is  a  new  efficient  trend  of  improving  the  quality  of 
thermoelectric  devices. 

Materials  with  programmable  inhomogeneity  can  be  also 
used  to  improve  the  efficiency  of  a  generator.  The  generally 
accepted  name  for  these  materials  in  Japan  is  functionally 
graded  materials.  In  conformity  with  the  paper  [2],  FGM  is 
defined  as  the  envelope  by  the  maximums  of  Z  at  various 
temperatures  and,  accordingly,  at  various  concentrations. 
Equivalently,  for  wider  temperature  ranges  FGM  is  formed  as 

Number  of 
sample  sections 


Fig.3.  1  -  the  increase  in  ATmax  with  approximation  to  the 
optimal  function;  2  -  the  increase  in  the  coefficient  of  per¬ 
formance  e  for  the  optimal  inhomogeneity;  So  is  coefficient  of 
performance  of  the  homogeneous  leg 


the  envelope  by  the  maximums  of  Z  for  various  materials 
suitable  for  each  temperature  level. 

In  reality,  to  design  FGM,  use  must  be  made  of  more 
accurate,  hence  more  complicated  methods.  Let  us  consider 
them  in  more  detail.  The  purpose  of  material  design  is  to 
determine  the  distribution  of  impurity  concentration  along  the 
leg  where  at  the  given  temperature  of  hot  and  cold  sides  Th 
and  Tc  the  maximum  efficiency  or  maximum  power  is 
reached.  Thus,  we  have  a  basically  new  approach  to  the 
optimization  of  thermoelectric  material.  Really,  if  before 
optimization  served  the  purpose  of  number,  today  it  results  in 
the  optimal  function  of  impurity  concentration  as  coordinate 
function.  To  determine  this  optimal  function  is  a  complicated 
task. 

Problem  solution 

Fig.4  gives  a  physical  model  for  the  construction  of  a 
computer-made  FGM  design.  This  model  includes  an 
inhomogeneous  leg  of  n-  and  p-typo  of  conduction,  connected 
to  electric  and  thermal  circuits,  external  optimal  electric  load 
Ropt  where  electric  power  W  is  released.  In  the  calculations 
one  must  take  into  account  Joule  heat  release  in  the  bulk  of 
the  leg,  heat  transfer  by  thermal  conduction  in  the  legs, 
release  of  Peltier  bulk  heat  caused  by  material  inhomogeneity 
and  electric  power  release  due  to  internal  thermoelect¬ 
romotive  forces  caused  by  different  Seebeck  coefficient  values 
inside  the  leg.  The  model  allows  for  the  existence  of  contact 
resistances  r0(lup\  as  well  as  losses  of  heat  ATkitup)  and 
electricity  in  commutation  plates  with  the  electric  resistance 
Rk°. 

The  source  system  of  equations  describing  thermal 
and  electric  processes  in  the  infinitesimal  leg  part  dx  is 
given  by  expressions 


Fig.4.  Physical  model  for  construction  of  computer  simulation 
of  FGM. 
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dT  _  _  ai  j  _ 

dx  K  K 


dq 

dx 
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with  the  boundary  conditions 


TJ0)=  Tp(  0 )  =  Tc, 
TJl)=  Tp(l)=T„, 


Pontiyagin  method  allows  to  make  a  purposeful  search  for 
function  and  thus  considerably  reduce  the  number  of 
computer  experiments.  The  essence  of  this  method  lies  in  the 
determination  of  the  optimal  functions  N„iP  (x),  characterizing 
the  inhomogeneity  of  thermoelectric  materials  of  n-  and  p- 
type  from  the  condition 

Ho  p( y/( x),  T  ( x),  q( x),  N( x),  i)  = 

(3)  =  max  H„  p(y(x),T(x),q(x),N,i)  '  ^ 


where  i  is  the  density  of  generated  current. 

The  equations  are  based  on  the  differential  Ohm’s  law  for 
the  circuit  comprising  thermoelectric  sources  and  on  the  law 
of  energy  conservation.  From  the  solution  of  the  system  of 
equations  one  can  find  temperature  distribution  in  the  legs 
T„,p  =T„iP  (x);  the  distribution  of  thermal  flow  q„iP  =q„,p  (x),  as 
well  as  the  thermal  flow  entering  and  leaving  n-  and  p-type 
legs,  the  integral  electric  power  on  the  external  load  and, 
accordingly,  the  generator  efficiency.  At  the  predetermined 
functions  of  the  leg  material  inhomogeneity  by  varying  the 
value  of  the  external  resistance  R  one  can  determine  the 
maximum  efficiency  and  the  maximum  circuit  power,  and 
here,  as  is  well  known,  Ropt  lmax  *  Ropt  w  ■ 

To  solve  this  direct  task  that  comes  to  finding  efficiency 
and  power,  a  program  has  been  developed  based  on  the 
combination  of  Euler  method  and  the  method  of  shooting  for 
the  system  of  differential  equations  (2). 

However,  our  object  in  this  investigation  is  to  find  the 
ways  of  solving  the  inverse  task,  namely,  the  search  for  the 
optimal  function  of  p-  and  n-  type  leg  material  inhomogeneity 
at  which  the  maximum  efficiency  of  thermoelectric  generator 
is  reached.  This  task  was  solved  by  way  of  development  of  a 
special-purpose  computer  program  based  on  the  use  of 
Pontryagin  mathematical  theory  of  optimal  control  [3],  The 
essence  of  the  method  lies  in  the  fact  that  a  zero 
approximation  of  the  desired  function  is  entered  into  the 
computer  in  the  form  of  material  parameters  Ne  and  Np  that 
are  coordinate  independent  or  linearly  changing.  Pontryagin 
method  comes  to  the  search  for  the  optimal  function  by 
calculating  the  efficiency  for  various  functions  that  are 
different  from  the  assigned  initial  ones. 


where  Hamiltonian  function  H  has  the  form 

H„iP  =  (wifi  +  ¥2f2)n,p  & 

(ft,  f2  )„,P  a re  right  sides  of  equations  (2),  y=(yi,  ydn.p  is 
pulse  vector  which  is  conjugate  to  the  vector  of  phase 
variables  y=(T,q)„,p. 

To  use  this  method,  the  system  of  equations  (2)  must  be 
complemented  by  the  functions  relate  material  parameters  a, 
a  and  k  to  the  impurity  concentration  N„iP  and  temperature. 
The  more  accurate  the  definition  of  these  relations,  the  higher 
the  accuracy  of  the  method.  Special  investigations  have  been 
conducted  based  on  our  empirical  data  and  the  data  from  the 
world  literature  that  allowed  to  approximate  the  functions  of 
On,p,  CTn,p  and  Kn,p  by  the  polynomials. 

The  system  of  equations  (2)-(5)  with  the  polynomials  has 
served  as  the  basis  for  the  program  of  search  for  the  optimal 
inhomogeneity  functions  of  the  materials  of  interest  for  us. 

Discussion  of  results 

Examples  of  the  optimal  inhomogeneity  functions 
obtained  by  computer-aided  design  method  are  shown  below. 
Fig.  5  shows  an  example  of  the  optimal  concentration 
functions  for  Bi-Te  ailoys,  Fig.  6  -  for  Pb-Te  alloys.  Fig.  7  - 
for  Si-Ge  alloys.  One  of  the  dependencies  can  be  obtained 
within  10-15  minutes  of  work  of  even  not  very  high  speed 
computer  of  the  type  IBM-486,  which  proves  the  efficiency  of 
the  developed  program.  Naturally,  each  specific  case  of  FGM 
use  requires  individual  function  of  material  inhomogeneity, 
otherwise  the  use  of  FGM  will  be  inefficient. 


Fig.  5.  Optimal  functions  of  Ne ,  Np  Fig.6.  Optimal  functions  of  Ne ,  Np  Fig.7.  Optimal  functions  of  N,  ,  Np 

impurity  concentration  for  n-  and  impurity  percentage  for  n-  and  p-  impurity  concentration  for  n-  and  p-type 

/7-type  alloys  based  on  Bi-Te,  type  alloys  based  on  Pb-Te  alloys  based  on  Si-Ge 


accordingly 
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The  next  important  step  of  computer-aided  design  is  the 
development  of  programs  for  the  cascade  thermoelectric 
generators.  The  program  is  complicated  by  the  necessity  to 
reach  mutual  match  of  the  optimal  inhomogeneities  in  each 
cascade  at  simultaneous  finding  of  the  best  working 
temperature  ranges  for  each  of  the  cascades. 

A  program  has  been  developed  for  the  design  of  cascade 
thermoelectric  generators  with  any  number  of  cascades. 
Design  according  to  this  program  results  in  the  determination 
of  the  optimal  matched  inhomogeneities  for  each  cascade,  as 
well  as  in  the  determination  of  the  optimal  working 
temperature  ranges  for  the  materials  of  each  cascade.  It  is 
quite  obvious  that  no  direct  experimental  methods  seem  to 
give  these  results.  Fig.8  shows  an  example  of  a  three-cascade 
thermopile  design  made  of  FGM. 


Fig.8.  Optimal  FGM  for  a  three-stage  generator. 

In  the  cold  cascade  of  the  thermopile  the  alloys  of  Bi-Te 
have  been  used,  in  the  medium-temperature  cascade  -  the 
alloys  of  Pb-Te,  in  the  high-temperature  cascade  -  the  alloys 
of  Ge-Si. 

The  methods  of  computer  simulation  have  been  used  to 
design  50  generators  optimized  for  different  hot  temperature 
values  in  the  range  of  300+1300  K.  The  results  of  these 
investigations  are  shown  in  Fig.  9.  In  the  figure  one  can  see 
the  existence  of  rational  temperature  ranges  for  which  it  is 
advisable  to  use  a  one  -,  two-  or  three-cascade  generator.  The 
results  of  these  investigations  also  determine  the  efficiency 
values  of  the  generators  that  can  be  made  of  FGM.  It  is  seen 
that  at  cold  temperature  of  300°C  and  the  temperature  drop  of 
1000  degrees  one  can  expect  the  efficiency  of  19%.  It  should 
be  borne  in  mind  that  these  efficiency  values  are  realistic 
enough,  since  the  program  took  into  account  thermal 
intercascade  losses,  as  well  as  the  losses  in  the  thermopile 
contact  resistances.  The  results  obtained  testify  in  favour  of 
FGM  use  both  for  thermoelectric  cooling  and  generation. 


Fig.9.  The  efficiency  of  ^-cascade  generators  with  FGM 
material  as  function  of  temperature  drop.  7^=300  K 

Fig.  10  shows  a  tree  of  thermoelectricity  development 
allowing  for  the  prospects  of  using  functionally  graded 
materials. 


Fig.  10.  The  tree  of  thermoelectricity  evolution.  The  areas 
M  indicate  the  prospects  of  FGM  material  use 

One  can  expect  that  further  progress  in  thermoelectricity 
will  be  closely  associated  with  the  use  of  the  inhomogeneous 
thermoelectric  structures. 
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Abstract 

Characteristics  and  elements  of  a  new  type  structure  of 
thermoelectric  modules  for  electric  power  generation  with 
output  power  of  10  W  have  been  presented.  It  is  proposed  a 
parametric  series  of  the  indicated  modules  with  rated  output 
voltage  of:  0.2;  0.4;  0.8;  1.6;  3.2  and  6.4  V. 

Modules  are  designed  for  the  use  in  thermoelectric 
generators  of  different  purposes  along  with  heat  sources  use 
that  provide  operation  temperature  level  of  the  module  warm 
side  of  250-300  °C. 

Optimization  methods  of  known  thermoelectric  materials 
for  the  indicated  modules  conversion  efficiency  at  a  level  of 
more  than  6%  have  been  examined. 

The  study  results  of  commutations  and  anti-diffusion 
layers  new  types  effect  on  the  modules  lifetime  and  resistance 
to  climatic  and  temperature  action  have  been  given. 

It  is  presented  the  reliability  investigation  results  of  the 
module  as  a  whole. 

It  is  presented  examples  of  modules  with  heat  exchangers 
arrangement  into  functional  blocks  that  provide  a  user 
necessaiy  overall  dimensions  and  electric  parameters  for 
current  and  voltage. 

Variants  of  specific  applications  of  modules  and  blocks  in 
thermoelectric  generators  with  catalytic  heat  sources  have 
been  examined. 

The  essence  of  the  problem 

In  recent  years  the  interest  for  thermoelectric  generation 
of  electrical  energy  is  ever  growing.  The  hot  temperature 
range  50-400°C  is  now  most  relevant  for  the  generator 
operation.  It  is  considered  promising  due  to  a  large  quantity 
of  heat  sources  and  high  thermal  power  which  can  be  used  for 
electrical  energy  production  in  this  temperature  range.  First 
of  all,  it  is  the  utilization  of  all  kinds  of  waste  heat  from 
power  plants  and  industrial  production.  Among  them  there 
are  internal  combustion  engines  in  all  the  variety  of  their  use; 
gas  turbines;  waste  heat  of  steel  industry  and  non-ferrous 
metal  industry,  cement  production,  etc.  The  thermal  power 
released  by  these  devices  is  so  high  that  its  conversion  into 
electrical  energy,  even  with  the  modest  efficiency  values  can 
be  an  appreciable  contribution  to  power  supply  [1]. 

These  factors  stimulate  investigations  and  development  of 
thermoelectric  modules  for  the  creation  of  generators  using 
the  hot  temperature  level  of  150-450°C.  For  the  heat  sources 
of  lower  temperature  level  use  can  be  made  of  modified 
variants  of  thermoelectric  cooling  modules.  Our  purpose  in 
this  investigation  and  development  is  to  create  thermoelectric 
modules  at  the  hot  temperature  level  of  150-250°C.  The 
analysis  shows  that  these  temperature  levels  have  the  largest 
application  potential. 


Crystalline  substances  based  on  Bi-Te  doped  so  that  the 
maximum  efficiency  corresponds  to  the  assigned  temperature 
range  have  been  used  as  thermoelectric  material.  For  further 
efficiency  increase  the  materials  with  optimal  inhomogeneity 
(FGM)  have  been  developed  as  well.  Our  methods  of 
designing  these  materials  have  been  developed  and  described 
in  Ref. [2,  3].  The  technological  methods  of  producing  these 
materials  have  been  described  in  [3].  In  contrast  to  the 
traditional  methods  based  oh  using  pressed  materials,  we 
have  used  crystalline  materials  which  help  to  achieve  higher 
figure  of  merit  values.  Special  emphasis  has  been  placed  on 
the  problems  of  thermoelectric  module  reliability.  For  this 
purpose  use  was  made  of  superreliable  anti-diffusion  layers 
based  on  Co-Ni  and  other  materials.  The  thicknesses  and 
structures  of  anti-diffusion  layers  were  created  so  as  to 
minimize  the  thermal  stresses  originating  therein.  On  the 
whole,  the  module  design  features  minimization  of  thermal 
influences  on  module  reliability.  To  reduce  the  influence  of 
the  ambient  atmosphere  and  heat  loss,  the  modules  were 
placed  into  thin-walled  flexible  hermetic  containers  made  of 
stainless  steels.  The  container  volume  was  filled  by  the  inert 
atmosphere.  The  module  is  schematically  shown  in  Fig.l. 


Fig.l.  Scheme  of  generator  module.  1  -  metal  container, 

2  -  thermoelectric  module,  3  -  hermetic  leads. 

It  includes  thermoelectric  module,  metal  container,  hermetic 
leads.  The  module  design  also  features  special  measures  for 
reliability  increase,  especially  for  the  cases  when  the  modules 
are  used  to  produce  thermogenerators  having  a  large  number 
of  modules  connected  in  series.  This  is  the  embodiment  of  a 
number  of  modules  whose  parameters  are  listed  in  Table  1. 

The  values  of  module  parameters  for  the  basic  operating 
temperatures  have  been  given  in  the  table.  The  basic 
operating  temperature  on  the  hot  side  at  continuous  work  is 
250°C  and  lower.  Short-time  overheats  of  the  hot  side  to  300- 
350°C  are  permissible.  The  basic  operating  temperature  of 
the  cold  side  at  continuous  work  is  80°C  and  lower.  Short- 
time  overheats  of  the  cold  side  to  120°C  are  permissible. 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


592 


16th  International  Conference  on  Thermoelectrics  (1997) 


Table  1.  Parameters  of  “ALTEC”  thermoelectric  modules  for  thermogenerators. 


The  hot  side  temperature  is  250°C,  the  cold  side  temperature  is  30°C,  the  values  of  voltage,  current  and  electrical  power  on  the 
matched  load  under  which  the  maximum  efficiency  value  is  reached. 


Module 

type 

Voltage, 

V 

Current, 

A 

Power, 

W 

Efficiency, 

% 

Module 

dimension,  mm3 

Capsule 

dimension,  mm3 

Reliability 

coefficient 

Altec-1002 

3 

15 

4.5 

6.2 

30x30x3 

46x46x3.2 

- 

Altec-1010 

5 

1.5 

6.5 

6.2 

40x40x3 

56x56x3.2 

- 

Altec-1011 

2.2 

2.8 

6.2 

6 

40x40x4.5 

56x56x4.7 

i 

Altec-1012 

1.1 

5.6 

6.2 

6 

40x40x4.5 

56x56x4.7 

20 

Altec-1013 

0.55 

11.2 

6.2 

6 

40x40x4.5 

56x56x4.7 

70 

Altec-1014 

0.27 

23 

6.2 

6 

40x40x4.5 

56x56x4.7 

120 

Altec-1016 

1.1 

5.6 

6.2 

6 

40x40x4.5 

56x56x4.7 

80 

Altec-1017 

0.55 

11.2 

6.2 

6 

40x40x4.5 

56x56x4.7 

350 

Altec-1018 

0.27 

23 

6.2 

6 

40x40x4.5 

56x56x4.7. 

600 

The  modules  permit  multiple  cyclic  loads.  A  number  of 
cycles  when  the  module  parameters  are  kept  are  listed  in  the 
table.  One  cycle  corresponds  to  hot  temperature  increase  from 
+30  to  +250°C  during  3-5  min  and  decrease  from  +250°C  to 
+30°C  during  3-5  min. 

The  modules  to  be  used  in  high-power  thermogenerators 
including  a  large  number  of  modules  connected  in  series  have 
been  designed  so  as  to  have  the  increased  reliability.  The 
increased  reliability  values  are  necessary  to  keep  high 
reliability  values  of  electric  circuits  with  series  connection  of 
modules.  Table  1  gives  the  values  of  reliability  coefficient 
which  is  equal  to  the  reliability  ratio  of  this  module  with 
respect  to  ALTEC-1011  module.  It  is  seen  that  the  modules 
that  develop  reduced  voltage  for  series  connection  are 
characterized  by  increased  reliability  values.  This  is  an 
important  factor  of  reaching  high  generator  reliability. 

Typical  module  characteristics  are  shown  in  Fig.2  and 
Fig.3.  Fig.2  gives  the  characteristics  of  Altec-1010  module. 
Fig.3  -  those  of  Altec-1011  module.  Other  modules  have 
similar  characteristics.  The  modules  have  been  also 
developed  that  have  the  dimensions  60x60x4.5  mm,  capsule 
dimensions  76x76x4.7  mm  and  electrical  power  15  W. 

As  it  has  been  mentioned  above,  the  modules  have  been 
designed  both  for  stand-alone  use  and  as  the  basis  for 
generator  thermopiles.  Of  particular  interest  is  the  use  of 
modules  for  the  creation  of  “  liquid-liquid”  generators.  They 
are  most  general-purpose  and  can  be  easily  arranged  with  any 
heat  source  when  there  is  a  suitable  heat  exchanger. 

To  create  these  generators,  the  blocks  have  been 
developed  that  consist  of  hot  and  cold  liquid  heat  exchangers 
with  thermoelectric  modules  placed  between  them.  The  block 
is  schematically  shown  in  Fig.  4.  For  this  purpose  special  heat 
exchangers  have  been  developed  in  the  form  of  the  plates 
having  hermetic  channels  inside  for  passage  of  liquids.  The 
dimensions  and  configuration  of  the  channels  provide  the 
necessary  extent  of  liquid  turbulization  with  a  view  to  reach 


Fig.2.  Characteristics  of  Altec-1010  module. 
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Temperature  Difference,  °C 


Fig.3.  Characteristics  of  Altec-1011  module. 


the  optimal  values  of  heat  transfer.  At  the  same  time  it  was 
intended  to  reach  minimum  energy  loss  for  liquid  pumping, 
as  long  as  the  use  of  this  energy  results  in  the  reduction  of 
thermogenerator  efficiency.  The  heat  exchangers  are  made  of 
aluminum,  copper  or  stainless  steels  depending  on  the  liquid 
used.  The  block  design  features  parallel,  series  or  combined 
formation  of  liquid  loops.  The  block  parameters  are  listed  in 
Table  2. 


Table  2.  Parameters  of  Altec-1041  block 


1 

Number  of  modules 

8 

2 

Number  of  hot  heat  exchangers 

4 

3 

Number  of  cold  heat  exchangers 

5 

4 

Input  hot  liquid  temperature 

260  °C.  ! 

5 

Output  hot  liquid  temperature 

230  °C. 

6 

Input  cold  liquid  temperature 

20  °C 

7 

Output  cold  liquid  temperature 

40  °C 

8 

Voltage 

40  ±2  V 

9 

Current 

1.5±0.1  A 

10 

Efficiency 

6% 

The  above  modules  and  blocks  have  been  used  to  create  the 
generators  with  catalytic  heat  sources  [4]  and  the  generators 
for  waste  heat  utilization  [1], 
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Fig.4.  Scheme  of  block  with  generator  modules.  1  -  heat 
isolation,  2  -  heat  exchanger  with  “hot”  carrier,  3  -  heat 
exchanger  with  “cold”  carrier,  4  -  hermetic  generator  module, 
5  -  “hot”  carrier  channel,  6  -  “cold”  carrier  channel. 
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Abstract 

Calculation  methods  of  the  thermoelectric  eddy  currents  and 
electric  potentials  distributions  in  the  non-isotermetral 
medium  under  arbitrary  boundary  conditions  have  been 
described.  The  problem  of  the  thermoelectric  eddy  currents 
control  have  been  formulated  and  solved  for  description  of 
known  energy  converters  and  finding  new  ones.  The 
examples  of  thermoelectric  eddy  currents  control  have  been 
given. 

Introduction 

Eddy  currents  is  the  name  for  closed  electric  currents  that 
originate  in  a  conducting  medium  due  to  the  external 
influences.  Two  kinds  of  eddy  currents  are  known:  eddy 
Foucault  currents  and  thermoelectric  eddy  currents  (TEC). 
Seebeck  [1]  was  the  first  to  observe  TECs.  But  it  was  not 
earlier  than  in  the  40-s  of  the  20-s  century  that  the 
investigation  of  TECs  began.  The  conditions  for  their 
origination  were  found  out  in  the  60-s.  At  that  time  the 
methods  of  control  of  TECs  were  discovered  alongside  with 
their  practical  application  [2-5], 

TECs  Calculation  Methods 

Scalar  potential  method.  An  equation  for  TECs  calculation 
expresses  the  law  of  electrical  charge  conservation.  It  has  a 
form 


where  U  is  scalar  potential  of  electric  field,  n,  is  a  normal 
vector  to  medium  boundary  T.  The  problem  (1),  (2)  is  a 
boundary  problem  for  the  inhomogeneous  equation  elliptical 
in  the  second-order  partial  derivatives  with  the 
inhomogeneous  boundary  conditions  of  second  type.  The 
existing  analytical  methods  of  solving  these  problems  are 
efficient  only  in  separate  specific  cases,  which  necessitates 
the  use  of  numerical  methods.  Fast  computer  numerical 
methods  of  calculation  of  TECs  have  been  worked  out  in  the 
Institute  of  Thermoelectricity. 

Vector  potential  method.  Under  steady-state  conditions  the 
vector  field  of  TEC  density  has  no  internal  sources,  therefore 
one  can  introduce  the  vector  potential  H: 

j  =  rotH,  divH  =  0.  (3) 

The  equations  (3)  agree  with  the  Maxwell  system  of 
equations,  and  the  vector  potential  H  has  a  physical  meaning 
of  magnetic  field  intensity  of  TECs. 

The  vector  potential  H  satisfies  the  Poisson  equation 

-V2H  =  rotj  (4) 

with  the  boundary  condition  rot  H|r  =  0 . 


The  solution  of  boundary  problem  (4)  for  the  two- 
dimensional  medium  with  a  homogeneous  Seebeck  coefficient 
has  been  obtained  in  the  papers  [3,5].  In  this  case  dTIdz  =  0, 
and  the  vector  H  has  only  one  component  Hz  At  the  medium 
boundary  Hz  =  0.  The  curves  Hz  (x,  y)  =  const  are  the  lines  of 
current.  The  function  Hz  (x,  y)  magnitude  is  equal  to  the  TEC 
integral  value  between  the  medium  boundary  and  the  point  of 
the  co-ordinates  x,  y. 

TEC  Spatial  Configuration  Control 
Inverted  thermoelectricity  problems.  In  the  general  case 
inverted  thermoelectricity  problem  (ITP)  are  formulated  as 
follows  (Fig.  1).  Let  us  consider  a  simply  connected  spatial 
domain  D  of  a  medium  which  is  characterized  by  tensors 

of  the  electric  resistance  p ,  Seebeck  coefficient  a  which 
change  with  a  radius-vector  r.  In  the  closed  domain  vector 
field  of  current  density }(r)  has  been  given. 


Fig.  1.  A  inverted  thermoelectricity  problem:  r  is  radius- 
vector  of  point  M  in  the  co-ordinate  system  x.y.z.  j(r)  is 
vector  function  of  the  prearranged  distribution  of 
thermoelectric  currents,  x(r)  is  desired  vector  function  of 
temperature  gradients  in  the  medium  domain  D. 

The  inverted  problem  lies  in  the  construction  of  such  scalar 
field  of  temperatures  7’(r)  (or  vector  field  of  temperature 
gradient  x(r))  which  necessitates  excitation  of  the 
prearranged  current  distribution  j(r)  in  the  domain  D. 

Under  steady-state  conditions 

div  j  =  0,  (5) 

and  vectors  j  rr  x  are  related  by 

pj  =  E  -ax  (6) 

where  E  is  electric  field  intensity. 

Having  used  the  operator  rot  for  both  sides  of  the  equation  we 


get 

rot  at  =  -J, 

(7) 

here 

J  =  rot  pr. 

(8) 

Thus,  the  inverted  thermoelectricity  problem  lies  in  the 
solution  of  a  set  of  three  differential  equations  in  second- 
order  partial  derivatives  with  respect  to  the  unknown 
temperature 
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U  ~  alm  -  T(Xt,X2,Xi)  -  Jt’  ^  ^ 
&*-k  ®Xm 

where:  Clm  is  the  Levi-Chivita  pseudotensor,  i,  k,  l,  m  = 
1,  2,  3;  x,,  x2,  x3  are  radius  vector  r  components  in  the 
Cartesian  rectangular  co-ordinate  system. 

The  necessary  conditions  for  the  existence  of  the  solution  of 
the  ITP  conditions  essentially  depend  on  the  Seebeck  tensor 
structure  and  are  formulated  in  different  ways  for  various 
media  (inhomogeneous,  isotropic,  gyrotropic,  anisotropic, 
etc.). 

Solutions  of  the  inverted  thermoelectricity  problems 

Control  of  eddy  thermoelectric  currents  in  the  isotropic 
medium.  The  equation  (7)  for  the  isotropic  medium  has  the 
form 

rxA  =  J,  (10) 

where  A  =  Va,  a  is  a  scalar  Seebeck  coefficient. 

The  solution  of  the  equation  (10)  can  be  written  as 

T  =  <pA.  +|A|  2A  x  J  >  (11) 

where  cp  =  <p  (r)  is  a  scalar  function  which  must  be  found 
from  the  condition  (10). 

Let  us  indicate  three  possible  solutions  of  the  ITP  for  the 
isotropic  medium.  If  the  vector  field  [A  x  J]  is  potential,  then 

the  solution  of  the  ITP  is 


T(r)  =  f(a)  +  j^-dr- 

0  A 


(12) 


The  second  solutions  corresponds  to  the  case  when  vector 
fields  J(r)  and  A(r)  x  J(r)  are  quasi-potential: 

J  rot  J  =  0,  (13.) 

[A  x  J]  rot[A  x  J]  =  0. 

The  solution  of  the  ITP  has  the  form 

j£-M3dq3 

T(qx,q1,q3)  =  1  /-nr - +  V(qx), 

lAlH. 

.  |AxJ| 

where  X  =  - - 1  . 

A2 

are  the  corresponding  Lamais  coefficients,  K(qO  is  arbitrary 
function. 

If  the  vector  field  A  x  J  is  quasi-potential,  and  the  vector 
field  J  is  arbitrary  solenoid  one  then  the  inverted 
thermoelectric  problem  solution  has  the  form 

T(r)  =  £(«)  { d>(U)dU\  p  dr  +  /(«).  (17) 

0  0  A 

Control  of  TECs  in  the  gyrotropic  medium 
For  the  homogeneous  gyrotropic  medium 

3rx  /3c j  =/?,(.*,, x2, x3 ), 

3r2  / 3c3  =R2(xvx2,x3),  (18) 

dtx  /  dx2  +  dr2  !  Sx2  - -i?3(x,,x2>*3)>  (19) 
where  R  =  |N|'lJ,  N  is  the  constant  Nemst  vector.  The 
solution  of  the  ITP  has  the  form: 


r,  =  ^Rldx3+^n(xux2)dxi  +C,x2  +C2, 
r2  =  jR2dx 3  +  jp(xl,x2)dx2+C3xl  +C4, 
t3  —  j  Rxdx3  +  Fx  (x2,x3)  =  J  R{dx}  +F]  (x2,X3), 
where  q  is  an  arbitrary  harmonic  function  of  variables 
Xl,X2;Fx,F2  are  arbitrary  functions  of  their  variables,  Ci 

are  arbitrary  constants. 

TEC  Control  in  the  Anisotropic  Medium 

For  this  medium  so  that  the  system  (9)  might  be  written  in 

the  form : 


a2i  aw 


dx2dx3 

d2T 


dx3dxx  a}3  -  au 
d2T  J3 


—  F\  (*^1 5  ^3)’ 

■  —  F 2  (x, ,  x2 ,  x3 ), 


(21) 


dxxdx2 


—  P3  (x, ,  x2 ,  x3), 


-«2. 

where  au  are  the  Seebeck  tensor  eigenvalues. 
The  solution  is 

*1  “  J  1 

0  0 

r2  =  J^(x„  x 2 .  “  f  p2& x2,0)d%  +  f2(x2), 


;  r,  =  J  P3  ,  6  x3  )d%  - 1 P,  (x,  ,0,  £)</£ + f  (x, ), 


(22) 


r3  =  J P2^,x2,x3)d4-  j  P3( 0, 4,x3)d4+Mx 3), 

0  0 

where  fx  are  arbitrary  functions. 

Thermoelectric  eddy  currents  of  specified  configurations 

Circular  TECs . 

Determination  of  conditions  for  the  excitation  of  circular 
TECs  [3,  5]  can  serve  as  a  simple  example  of  the  ITP 
solution. 


AT 

RZ 


Fig.  2.  Solutions  of  the  inverted  thermoelectricity  problem 
for  circular  TECs  1  -  lines  of  current,  2  -  isotherm,  a) 
homogeneous  anisotropic  medium,  b)  inhomogeneous 
medium,  c)  gyrotropic  medium. 

For  the  homogeneous  anisotropic  medium  in  the  circular  flat 
sample  of  radius  R0  (Fig.  2a)  the  following  temperature 
distribution  must  be  provided: 

T(x  ,,*2)  ■  To  +  _  (21) 

_  2K-22-X2  “  2AT,, X?  +  R%(i K ^  -  K*,,)  V  ' 

x,Jc2cos2ff+  22  2 - 2i_J - UZ  > 

2(^22  +  *rn) 

where  To  is  the  sample  center  temperature,  AT  -  is 
maximum  temperature  difference,  9  is  the  angle  between  the 
crystallographic  axis  and  the  line  connecting  the  extreme 
points  of  equal  temperature. 

For  the  inhomogeneous  isotropic  medium  with  the  Seebeck 
and  electric  conductivity  coefficients  that  are  co-ordinate 
dependent 

.  fXl)  (24) 


<x(xl)=  B  +  D-d- 
Cr 


a  -  A  exp 


fx A 

<aj' 


596 


16th  International  Conference  on  Thermoelectrics  (1997) 


the  sought  temperature  field  is 

T^x^-fAxAo+2]  (25) 

where  A,  B,  C,  D,  G  are  constants.  The  circular  TECs  can  be 
also  created  in  the  homogeneous  medium  placed  in  magnetic 
field  (Fig.  2c).  The  temperature  distribution  in  this  case  has 
the  form 

T(x)=T0-—x2,  (26) 

where  -is  the  component  of  the  symmetrical  part  of 
electric  conductivity  tensor,  ota  is  the  component  of  the 
antisymmetric  part  of  Seebeck  tensor,  C  is  constant. 

Helical  TECs 

We  shall  get  the  solutions  of  the  ITP  in  the  homogeneous 
anisotropic  medium  for  the  cases  when  the  initial  current 
distribution  is  characterized  by  the  helical  current  lines.  Let 
us  consider  one-  and  two-dimensional  helical  current  lines. 
The  current  lines  for  the  flat  area  will  have  the  form  of  the 
Archimedean  spirals  (Fig.  3). 

H(r,  <p)  =  B(r  -  r0)  -C<p  =  const,  (27) 

where  H  is  the  current  function, ,  cp  is  the  polar  angle,  B,  C  - 
are  constants. 


Fig.  3.  Helical  thermoelectric  eddy  currents  of  a  two- 
dimensional  area. 

From  the  equation  (22)  we  get: 

T(r,  <p)  =  (a„  -  a22y'{C(pll  -  p,2)  In  r  - 
“  B  In  r(p22  cos2  <p  +  +f\x  sin2  <p)  -  • 

-  Br[p22  cos  q>  ln(l  +  sin  <p)  + 

4*yo\j  sin^ln(l  +  cosp)]} 

For  a  tree-dimensional  case  (Fig.  4)  the  current  lines  can  be 
described  by  the  vector  field  j(r)  j(r)  with  the  components 
y,  =  -Cx2,  j2  =  Cxv  j\~D  =  const.  (29) 

The  ITP  solution  for  this  case  has  the  form: 


T(xpx2,x3)==  — 
+  fl(X2)  +  fy(X$ 


-XxXz  +  /(*,)  + 


Fig.  4.  Helical  thermoelectric  currents  in  a  three-dimensional 
area. 

TECs  with  changing  configuration  of  current  lines 
Let  us  find  the  solutions  of  the  ITP  iri  the  homogeneous 
anisotropic  medium  for  which  current  distribution  has  been 
given  by  Lukosz  function 

(30) 

H-fliy-as-Wfiy)' 

I 

where  x  and  y  are  the  co-ordinates  calculated  along  the  tensor 
a  axes,  h(x,y)  is  arbitrary  limited  function. 

The  function  (30)  describes  eddy  currents  whose  form 
smoothly  changes  in  going  from  one  current  line  to  the 
neighbor  one.  At  the  medium  boundary  the  currents  flow  in 
the  perimeter  of  the  /7-sided  polygon  the  side  equations  of 
which  have  the  form 

y=akx+bk,  k=l . ti.  (31) 

In  proportion  to  the  distance  from  the  boundary,  the  current 
lines  change  their  configuration  from  a  polygon  to  a  circle. 


Fig.  5.  Thermoelectric  eddy  currents  with  the  variable 
configuration  of  the  current  lines. 


The  current  distribution  of  this  kind  is  schematically  shown 
in  Fig.  5. 

To  find  the  ITP  solutions,  one  can  write  a  system  of 
differential  equations  in  the  first-order  partial  derivatives 

-Hy=S„  Hx  =  Dy\  (32) 

S  =  U+T,  D  =  U-T. 

The  integrated  thermoelectricity  problem  solution  is  found  by 
the  integration  (32)  and  has  the  form 


+  Y(y)-X(x), 


To  illustrate,  let  us  consider  as  a  boundary  the  equilateral 
triangle  with  the  sides  y  =  ±-Jlx,  y  =  -Jlx  /  2,  and  the 
current  vector  potential  in  the  form  h  =  {ly-  a/3)(>2  -  3*2) 

The  resulting  pattern  of  scalar  fields  H,  T,  U  is  shown  in  Fig. 
6. 
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Fig.  6.  Thermoelectric  eddy  currents  in  a  regular  triangle. 
From  the  figure  it  is  seen  that  the  boundary  current  line 
coincides  with  the  triangle  perimeter,  the  current  density 
being  zero  in  its  center.  The  solutions  for  regular  pentagon 
and  heptagon  are  given  in  Figs.  7  and  8. 


Fig.  7.  Thermoelectric  eddy  currents  in  a  regular  pentagon: 


Fig.8.  Thermoelectric  eddy  currents  in  a  regular  heptagon:  a) 
current  lines,  b)  isotherms. 

Spatial-periodical  configurations  of  thermoelectric  eddy 
currents 

Let  us  consider  now  current  distributions  that  are  periodically 
recurring  in  the  space  occupied  by  the  medium.  They  can  be 
described  by  the  expression 

H(x,y)  =  -\j±cy^>  (34) 

L  _ao  — CO 


Fig.  9.  Spatial-periodical  thermoelectric  eddy  currents. 

Based  on  the  equation  (33)  the  ITP  can  have  the  following 
solution: 

T(x,y)  =  Je'^^+The 

^  —W  — ®  (J  0 

+  y(y)-Z(x). 

above  examples  illustrate  the  possibility  of  inducing  TECs  of 
predetermined  configuration.  For  the  complex  distributions  of 


TECs  the  ITP  can  be  solved  by  computer  methods  or 
electrical  analogy  method  which  allows  to  reduce  the 
calculations  of  TECs  to  the  determination  of  potentials  and 
currents  in  the  isothermal  medium  [13]. 

Thus,  the  developed  theory  is  a  powerful  tool  of  TEC  control 
and  allows  to  create  any  possible  two-  and  three-dimensional 
eddy  current  configurations.  This  theory  is  important  for  the 
development  of  generalized  methods 
of  thermoelectric  energy  conversion. 
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Abstract 

Joints  between  a  Silicon-Germanium  thermoelectric 
semiconductor  and  electrodes  were  prepared  by  hot-pressing. 
Tungsten  or  carbon  electrodes  were  joined  to  either  side  of  n- 
type  Si0.8Ge0.2  (P  0.3  atomic  %)  respectively,  with  thin 
sheets  of  titanium  foil  inserted  between  them,  and  then  pressed 
and  joined  at  1523K  in  vacuum.  The  size  of  the  resulting 
electrode/SiGesemiconductor/electrodeunitsmeasured5mmX 
5mm  X  9mm. 

Observations  through  SEM  and  EPMA  showed  the  presence 
of  many  voids  in  the  junction  layers  of  the  SiGe/tungsten 
electrodes,  whereas  the  SiGe/carbon  electrodes  exhibited  no 
voids  in  their  junction  layers.  In  the  SiGe/carbon  electrodes, 
the  titanium  atoms  were  enriched  in  the  junction  layer,  and 
other  atoms  also  remained  undiffused.  In  the  SiGe/tungsten 
electrodes,  the  tungsten  and  silicon  atoms  showed  counter 
diffusion. 

Resistance  and  Seebeck  coefficient  of  the  carbon/SiGe/carbon 
electrodes  were  measured  in  the  temperature  range  from  600  to 
1100K.  Resistance  ranged  from  0.012  to  0.015Q,  and  the 
Seebeck  coefficient  from  200  X 10-6  to  250  X 10  6  V/K. 

To  evaluate  the  upper  limit  of  heating  dependence,  the 
carbon/SiGe/carbon  electrodes  were  exposed  in  an  argon 
atmosphere  at  1273K  and  1373K  for  300  hours.  After 
exposure  testing,  SEM  observation  showed  the  presence  of 
many  voids  in  the  junction  layer  of  the  SiGe/carbon  electrode, 
which  had  not  previously  shown  any  voids  either  at  the  stage 
of  joining  by  hot-pressing  or  exposure  at  1273K. 

Introduction 

The  function  of  a  thermoelectric  semiconductor  is  to  directly 
exchange  thermal  energy  into  electrical  energy. 
Thermoelectric  generators  have  no  vibrating  parts,  are 
maintenance-free,  and  have  a  simple  structure. 

Because  of  these  properties,  a  thermoelectric  generator  can  be 
used  for  the  electric  power  supply  of  a  space  probe.  The 
efficiency  of  a  thermoelectric  generator  is  highly  dependent  on 
a  figure  of  merit,  {Z-a2alK,  where  a  is  the  Seebeck 
Coefficient  (V/K),  a  is  electrical  conductivity  (S/m)  and  k  is 
thermal  conductivity  (W/mK).  If  Z  can  be  improved, 
thermoelectric  processes  may  be  used  in  many  important 
applications,  such  as  power  generators  for  space  stations. 
Recently,  a  new  concept  known  as  gradually  segmented 
thermoelectric  materials  is  being  investigated  by  many 
Japanese  groups  under  the  support  of  the  Japan  Science  and 
Technology  Agency 0).  One  of  the  objectives  of  this  project 
is  to  improve  high-efficiency  thermoelectric  materials  using 
the  concept  of  Functionally  Graded  Materials  (FGM). 

Silicon  Germanium  (SiGe)  has  a  high  figure  of  merit  at  high 


temperatures(2).  The  effect  of  high  temperatures  and  heat 
treatment  of  isolated  SiGe  thermoelectric  semiconductors  has 
been  reported  to  improve  their  thermoelectric  propertiesPM7). 
In  practice,  however,  a  thermoelectric  generator  generally 
consists  of  many  p  type  and  n  type  semiconductors  together 
with  the  jointed  electrodes.  It  is  therefore,  necessary  to 
combine  low  electrical  resistivity  and  thermal  stability,  as 
well  as  improve  the  high-efficiency  thermoelectric  materials. 
The  long  exposure  time  dependence  of  electrical  properties  can 
be  important  when  assessing  any  overall  improvement  of 
thermoelectric  generator  performance.  The  paucity  of  reports 
on  the  long  heating  time  dependence  of  joints  between  SiGe 
thermoelectric  semiconductors  and  electrodes  encouraged  us  to 
investigate. 

In  the  present  research,  joints  between  SiGe  thermoelectric 
semiconductors  and  electrodes  were  prepared  by  hot-pressing. 
The  electrical  properties  of  the  resulting  SiGe/electrodes  were 
investigated  under  conditions  of  high  operating  temperature  for 
a  period  of  over  300h  in  an  argon  atmosphere.  The 
morphology  and  elemental  dispersion  of  the  junction  layers 
were  observed. 

Experimental  Procedure 

The  material  used  in  this  investigation  was  n  type  SiGe 
thermoelectric  semiconductor  material  that  had  been  prepared 
by  plasma  activated  sintering  (PAS)  and  supplied  by  Vacuum 
Metallurgical  Co.,  Ltd.,  Japan.  The  compositions  of  n  type 
materials  were  Si0.8Ge0.2  +  0.3  atomic  %  phosphorus, 
which  are  typical  for  n  type  compounds.  Specimens 
measuring  10mm  X  10mm  X  5mm  were  cut  from  sintered 
compact. 

Figure  1  shows  the  schematic  of  the  SiGe/electrode  hot- 
pressing  apparatus.  The  SiGe  thermoelectric  semiconductors 
were  hot-pressed  between  tungsten  or  carbon  electrodes 
respectively,  and  pure  titanium  foil  was  inserted  between  the 
SiGe  thermoelectric  semiconductor  and  each  electrode.  The 
thickness  of  the  titanium  foil  was  2jiim.  The  joint  of  each 
SiGe  thermoelectric  semiconductor  and  electrode  was  hot- 
pressed  at  1523K  under  a  vacuum,  with  a  hot-press  pressure  of 
19.6  MPa  and  keeping  time  of  5  min. 

The  junction  areas  of  the  joints  of  the  SiGe/electrodes  were 
observed  using  scanning  electron  microscopy  (SEM)  and 
EPMA  element  analysis. 

The  resistance  and  Seebeck  coefficient  were  measured  by  a 
large-temperature-difference  apparatus^).  The  joints  of  the 
SiGe/electrodes  were  then  cut  into  quarters,  approximately 
5mm  X  5mm  X  9mm. 

For  long-term  exposure  testing,  heat  treatment  of  the  joints  of 
SiGe/carbon  was  performed  from  1273K  to  1373K  using  a 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


599 


T6th  International  Conference  on  Thermoelectrics  (1997) 


Heater 


Press  Punch 


Titanium  Foil 


UgT  (10mmX10mmXt2^m) 


SiGe  Semiconductor 
(lOmmXIOmmXt  5mm) 


Tungsten  or  Carbon  Electrode 
(lOmmXIOmmXt  2mm) 


<=>  to  Pump 


Fig.1  Schematic  of  Hot-Press  Apparatus 

vacuum  furnace  in  an  argon  atmosphere.  The  joints  of 
SiGe/carbon  were  fixed  on  silicon  nitride  plates,  and  around 
zirconium  for  the  getter,  and  both  heating  and  cooling  rates 
were  lOOK/h. 

Results  and  Discussion 

Figure  2  shows  SEM  microphotographs  of  the  junction  layers 
of  SiGe/W  and  SiGe/C,  and  EPMA  titanium  elemental 
dispersion  analysis.  Microphotograph  (a)  shows  the  junction 
layer  of  an  SiGe/W  joint.  A  continuous  void  and  an 
interactive  layer  were  observed  between  the  SiGe 
thermoelectric  semiconductor  and  tungsten.  This  void 
occurred  with  increasing  interface  resistance,  which  would 
affect  a  thermoelectric  generator.  Microphotograph  (b)  shows 
the  junction  layer  of  an  SiGe/C  joint.  No  such  continuous 
void  and  interactive  layer  was  observed  between  the  SiGe 
thermoelectric  semiconductor  and  the  carbon  electrode.  When 
the  SiGe/W  joint  was  cut  to  5mm  X  5mm  X  9mm  for  the 
measurement  of  thermoelectric  properties,  it  was  found  that  it 
had  fractured  between  the  SiGe  thermoelectric  semiconductor 
and  tungsten  electrode.  However,  the  SiGe/carbon  joint  was 
not  fractured.  Accordingly,  the  carbon  electrode  forms  a  better 
joint  than  the  tungsten  electrode,  because  of  the  absence  of 
interface  voids.  Microphotograph  (c)  shows  titanium 
elemental  dispersion  at  the  junction  layer  of  an  SiGe/C  joint. 
The  white  brightness  indicates  the  content  of  the  titanium. 
Enriched  titanium  atoms  were  found  between  the  SiGe 
thermoelectric  semiconductor  and  the  carbon  electrode.  From 
these  results,  it  was  decided  to  consuct  the  evaluation  of 
thermoelectric  properties  only  on  the  SiGe/C  joint,  using  a 
large-temperature-difference  apparatus. 

Figure  3  shows  the  Seebeck  coefficient  of  the  SiGe/C  joint  as 
a  function  of  the  average  temperature  between  the  top  and 
bottom  sides.  In  general,  if  external  atoms  diffuse  in  a 
thermoelectric  semiconductor,  the  joint  of  the  thermoelectric 
semiconductor/electrode  affects  the  Seebeck  Coefficient  as  a 
dopant.  However,  the  Seebeck  Coefficient  of  the  joint  of 
SiGe/C  remained  almost  unchanged,  because  the  titanium 
element  condensed  at  the  interface  and  the  titanium  atoms  did 


(a)  SEM  Microphotograph  of  the  Junction  Layer  of  SiGe/W 


(b)  SEM  Microphotograph  of  Junction  Layer  of  SiGe/C 


(c)  EPMA  Titanium  Elemental  Dispersion  Profile  of  SiGe/C 

Fig.2  SEM  Microphotographs  and  EPMA  Titanium 
Elemental  Dispersion 


Temperature  (K) 


Fig.3  Seebeck  Coefficient  of  the  SiGe/C  Joint 
as  a  Function  of  the  Average  Temperature 

not  diffuse  in  the  SiGe  thermoelectric  semiconductor.  The 
Seebeck  Coefficient  of  the  SiGe  thermoelectric  semiconductor 
is  approximately  270  pV/K  at  lOOOKO),  and  approximately 
the  same  value  was  found  for  the  SiGe/C  joint. 

Figure  4  shows  the  resistance  of  the  SiGe/C  joint  as  a 
function  of  average  temperature  between  the  top  and  bottom 
sides.  The  total  resistance  of  an  SiGe  thermoelectric 
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Temperature  (K) 


Fig.4  Resistance  of  the  SiGe/C  Joint  as  a  Function 
of  the  Average  Temperature 

semiconductor  and  a  carbon  electrode  of  the  same  size  is 
approximately  0.01Q  at  lOOOKO).  The  interface  resistance  of 
the  SiGe/C  joint  is  approximately  1/10  of  total  resistance. 
Figure  5  shows  SEM  microphotographs  of  the  junction  layers 
of  SiGe/C  joints  and  EPMA  titanium  elemental  dispersion 
analysis.  Microphotograph  (a)  shows  the  junction  layer  of  an 
SiGe/C  joint  after  exposure  at  1273K  for  300h  in  an  argon 
atmosphere.  A  number  of  pores  were  observed  to  occur 
between  the  SiGe  thermoelectric  semiconductor  and  the  carbon 
electrode.  Microphotograph  (b)  shows  the  junction  layer  of 
an  SiGe/C  joint  after  exposure  at  1373K  for  300h.  A 
continuous  void  was  observed  between  the  SiGe 
thermoelectric  semiconductor  and  the  carbon  electrode. 
Microphotograph  (c)  shows  titanium  elemental  dispersion  of 
the  junction  layer  of  joint  SiGe/C  after  exposure  at  1373K  for 
300h.  The  white  brightness  indicates  the  content  of  the 
titanium.  The  titanium  atoms  were  diffused  into  the  SiGe 
thermoelectric  semiconductor. 

Figure  6  shows  the  Seebeck  coefficient  of  the  SiGe/C  joint  as 
a  function  of  the  average  temperature  between  the  top  and 
bottom  sides.  The  specimens  exposed  at  1273K  for  lOOh  and 
300h  showed  a  higher  Seebeck  Coefficient  than  prior  to 
exposure.  This  is  because  of  enhanced  carrier  mobility(4). 

The  specimens  exposed  at  1373K  for  300h  showed  a  lower 
Seebeck  Coefficient  than  prior  to  exposure.  This  is  because 
the  titanium  atoms  were  diffused  into  the  SiGe  thermoelectric 
semiconductor  as  seen  in  Figure  5-(c).  The  titanium  atom 
acts  as  a  dopant. 

Figure  7  shows  the  resistivity  of  the  SiGe/C  joint,  excluding 
the  resistance  of  the  carbon  electrode,  as  a  function  of  the 
average  temperature  between  the  top  and  bottom  sides. 
Specimens  exposed  at  1273K  for  300h  showed  lower 
resistivity  than  prior  to  exposure.  This  is  due  to  increased 
equilibrium  carrier  concentration  or  enhanced  carrier 
mobility(4).  Specimens  exposed  at  1373K  for  300h  showed 
higher  resistivity  than  prior  to  exposure.  The  reason  for  this 
is  increased  interface  resistance  due  to  the  continuous  voids  as 
seen  in  Figure  5-(b). 

Figure  8  shows  the  power  factor  of  the  SiGe/C  joint, 
excluding  the  resistance  of  the  carbon  electrode,  as  a  function 


(a)  SEM  Microphotograph  of  the  Junction  Layer  of  SiGe/C  Expsoed  for  300h  at  1273K 


(b)  SEM  Microphotograph  of  SiGe/C  Exposed  for  300h  at  1373K 


(c)  EPMA  Titanium  Elemental  Dispersion  Profile  of  SiGe/C  Exposed  for  300h  at  1373K 


Fig.5  SEM  Microphotographs  and  EPMA  Elemental  Analysis  of 
Junction  Layer  in  the  SiGe/C  Exposed  in  Argon 


#:  Before  Exposure 


0:  Exposure  at  1273K  for  lOOh 
A:  Exposure  at  1273K  for  300h 
□  :  Exposure  at  1373K  for  300h 


Fig.6  Seebeck  coefficient  of  the  SiGe/C  Joint 
as  a  Function  of  the  Average  Temperature 

of  the  average  temperature  between  the  top  and  bottom  sides. 
The  power  factor  of  the  SiGe/C  joint  is  degraded  at  1373K  in 
an  argon  atmosphere. 
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Fig. 7  Resistance  of  the  SiGe/C  Joint  as  a  Function  of  the 
Average  Temperature,  Excluding  the  Carbon  Resistance 


Fig. 8  Power  Factor  of  the  SiGe/C  Joint  as  a  Function  of  the 
Average  Temperature,  Excluding  the  Carbon  Resistance 

Conclusions 

This  paper  presented  joints  of  Silicon-Germanium 
thermoelectric  semiconductor  and  electrodes  prepared  by  hot- 
pressing,  as  well  as  the  investigation  results  of  the  electrical 
properties  of  SiGe/C  joints  under  conditions  of  high  operating 
temperature  and  a  period  of  over  300h  in  argon.  Conclusions 
are  as  follows: 

1)  The  carbon  electrode  is  better  than  the  tungsten  electrode 
for  joints  with  SiGe  thermoelectric  semiconductors,  as 


joints  of  SiGe/C  did  not  exhibit  a  continuous  void  and 
interactive  layer.  On  the  other  hand,  the  SiGe/W  joints 
were  observed  to  have  continuous  voids  in  conjunction 
with  increasing  interface  resistance. 

2)  This  SiGe/carbon  electrode  joining  method  is  allowable 
for  use  up  to  1273K.  Because  voids  were  formed  in  the 
junction  layer  of  the  SiGe/C  joint  during  exposure  at 
1373K,  the  power  factor  decreased  from  2.5  XlO-3  WK- 
3m-i  to  2.8XKM  WK-2m-i. 
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Abstract 

DCN  CHERBOURG,  the  French  submarine  builder,  has  a 
great  deal  of  experience  in  underwater  equipment.  The 
company  also  has  experience  in  thermoelectric  technology 
which  is  used  in  submarines  for  cooling  systems.  In  light  of 
this  experience,  DCN  CHERBOURG  was  contacted  two  years 
ago  by  an  oil  company  in  order  to  develop  a  thermoelectric 
generator  for  an  offshore  subsea  application 
The  requirements  were: 

-  a  thermogenerator  able  to  be  inserted  as  a  spool  in  a 
submarine  pipeline 

-  site:  North  Sea  (sea  water  temperature  =  4°C) 

-  fluid:  mix  of  oil  and  gas,  temperature  between  90°C  and 
120°C,  pressure  450  bar. 

The  design  began  with  thermoelectric  module  tests 
(electrical,  thermal  and  mechanical).  The  objective  was  to 
select  the  type  of  thermoelectric  module  and  the  assembly 
system.  The  ceramic  technology  from  MELCOR  was  chosen. 
DCN  CHERBOURG  then  made  and  tested  a  prototype.  The 
performance  results  were  not  as  good  as  expected,  however, 
the  prototype  proved  that  a  thermoelectric  generator  for  an 
offshore  subsea  application  was  feasible. 

The  next  step  was  the  assembling  of  two  thermogenerators 
(THEGS)  for  an  offshore  application.  The  performance 
measurements  obtained  during  on-shore  testing  were  as 
expected:  about  100W  at  70V. 

Introduction 

One  of  the  main  cost  elements  of  a  subsea  production  control 
system  is  that  of  the  umbilical  required  to  power  the 
equipment  and  to  transmit  data  between  the  xmas  tree  subsea 
control  module  and  the  topside  facility.  All  the  technologies 
exist  to  suppress  this  cable,  the  THEG  however,  has  yet  to  be 
field  proven  as  a  power  source  . 

DCN,  having  experience  on  thermoelements  used  on  cooling 
systems,  proposed  to  TOTAL  the  development  of  an 
underwater  generator.  This  development  has  been  conducted 
under  a  THERMIE  funded  EC  research  programme. 

This  paper  shows  the  process  used  to  develop  and  to  test  the 
required  generator. 


The  second  requirement  was  the  ability  to  work  under  water 
at  depths  up  to  2000m  and  over. 

The  environemental  conditions  are: 

-  sea  water  temperature:  4°C 

-  effluent  temperature  over  100°C 

-  effluent  pressure:  450  bar 

-  current  around:  0  m/s 

Development 

The  project  started  with  a  feasibility  study.  The  purpose  of 
this  study  was  to  verify  the  performance  of  different 
thermoelectric  modules  in  several  assembly  concepts.  The 
first  part  of  the  study  determined  the  performance  of  the 
thermoelement:  thermoelectric  modules  were  placed  between 
hot  and  cold  plates  and  measurements  of  the  voltage  and 
power  were  taken. 


These  tests  were  interesting  because  they  allowed  us  to: 

-  choose  the  type  of  thermoelectric  module, 

-  choose  the  interface  material  between  modules,  heater 
and  cooler, 

-  check  the  performance  of  modules  in  comparison  with 
theoretical  values. 

The  main  conclusions  of  the  study  are: 

-  The  thermoelement  choice:  MELCOR  thermoelectric 
modules  Type  CP  1.0-127-051-2,  rated  to  200°C 

-  The  interface,  even  if  the  best  interface  material  was 
chosen  there  would  always  be  a  voltage  loss  due  to 
thermal  resistance,  as  can  be  seen  on  the  following  figure: 


Requirements 

The  first  requirement  was  the  ability'  to  deliver  about  200W 
when  the  w'ell  is  on  stream. 
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The  second  stage  of  the  project  consisted  of  the 
manufacturing  and  testing  of  a  Thermoelectric  Generator 
(THEG)  Prototype  in  order  to  validate  the  assembly  concept 
and  to  determine  the  true  performance  of  such  a  generator. 

The  prototype  concept  is: 

-  The  body  of  the  THEG  is  machined  out  of  a  piece  of  pipe. 
Six  housings  are  machined  so  that  the  external  shape  looks 
like  an  hexagon.  In  each  housing,  two  rows  of  20 
thermoelectric  modules  are  placed.  So,  the  THEG  contains  12 
rows  of  20  modules.  The  modules  in  a  row  are  connected  in 
series  and  the  12  rows  are  connected  in  parallel. 

-To  protect  thermoelectric  modules  from  sea  water,  six 
covers  in  aluminium  bronze  are  fixed  onto  the  body  (one  per 
housing).  These  covers  are  used  also  as  heat  exchangers  with 
sea  water,  they  have  a  optimum  thermal  design. 


The  THEG  performance  expected  was  deducted  from  thermal 
computation  and  from  the  test  results  made  during  the 
feasibility  study. 


Mechanical  tests  (internal  and  external  pressure,  vibrations) 
were  made  in  order  to  check  the  resistance  and  the  water 
tightness  of  the  system.  All  the  tests  were  successful. 

To  test  the  THEG  performances,  we  had  to  define  and 
assemble  a  specific  test  bench: 


Nitrogen 


Tests  for  various  conditions  were  performed: 

-  at  several  temperature 

-  at  several  flow  rates 

-  using  three  different  hot  fluids:  water,  oil  and  oil+nitrogen 


Covers 


The  first  test  was  performed,  with  hot  water.  The  output 
voltage  (in  open  circuit)  was  measured  and  compared  with 
that  expected  from  computation.  As  can  be  seen  on  the 
following  figure,  the  results  are  very  close  to  the  performance 
expected  taking  into  account  thermal  contact  resistance. 


Water  temperature  (°C) 


A  large  influence  due  to  flow  (comparison  made  between 
500m3/day  and  1000m3/day)  was  not  seen,  but  we  saw  that 
the  voltage  depends  on  the  fluid  used.  For  a  given 
temperature,  we  had  a  higher  voltage  with  water  than  with 
oil,  but  the  nitrogen  in  oil  increases  the  voltage  (this  case 
should  be  representative  of  typical  oil  production). 
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Voltage  (V) 
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Fluid  temperature  (°C) 


With  a  resistive  load,  the  output  current  was  measured  and 
hence  the  output  power. 

Maximum  power  is  reached  when  the  voltage  reaches  half 
open  circuit  voltage,  as  shown  in  figure  following: 

Output  power  (W) 


Voltage  (V) 


The  maximum  output  power  at  various  temperatures  is 
also  shown: 


Maximum  Output  Power  (W) 


The  battery  was  also  charged  by  the  THEG.  The  tests  were 
successful  and  they  proved  that  the  system  (battery+THEG)  is 
efficient. 

The  advantage  of  such  a  system  is  the  possibility  to  have 
large  power  amount  of  power  available  during  a  few  minutes 
with  a  low  average  power  provided  by  the  THEG. 

After  initial  prototype  tests,  DCN  made  two  longer  THEGS 
(length=prototype  length  X  1,4).  The  connections  between 
thermoelectric  modules  were  a  little  different  (6  rows  in 
parallel,  56  modules  in  series  per  row)  in  order  to  produce 
about  100W,  70V  with  120°C  oil.  These  two  THEGs  will  be 


used  on  a  subsea  wellhead.  For  the  THEG  the  characteristic 
curve  mesured  with  water  is  shown  below: 

Maximum  Output  Power  (W) 


Present  situation 

The  two  THEGS  have  been  on  test,  at  the  bottom  of  a  wet 
dock  in  Cherbourg,  for  tw'O  months.  The  results  are  very  good 
anf  they  prove  the  efficiency  of  the  equipment.  We  are 
awaiting  the  moment  when  the  THEGS  will  be  used  on  a 
subsea  oil  production  wellhead. 


THEGS  Before  Dock  Tests 
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Further  developments 

-  The  first  is  to  adapt  this  equipment  to  other  applications 
such  as  a  gas  field. 

-  The  second  is  try  to  define  and  to  use  specific 
thermoelements  deticated  to  electricity  production. 
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Abstract 

The  utilisation  of  renewable  sources  of  energy  to  replace  fossil 
fijels  has  been  discussed  in  great  detail  in  the  last  years.  Their 
role  in  reducing  carbon  dioxide  emissions  and  conserving 
natural  resources  has  been  widely  realised.  Among  the 
renewable  sources  of  energy  bioenergy  appears  to  have  at  the 
present  the  greatest  potential.  The  use  of  biofuels  for  heating 
purposes  in  rural  areas  has  been  developed  extensively  in  the 
past  years  especially  in  the  Nordic  countries  and  Austria.  In 
these  countries  the  contribution  of  biofuels  to  the  total  energy 
demand  has  reached  12  to  15%. 

Efforts  to  produce  electricity  from  biomass  have  been  less 
successful  although  this  would  be  for  great  interest  for  small 
scale  decentralised  power  production  in  remote  rural  areas. 
Three  technologies  have  been  suggested:  steam  engines, 
gasification  of  biomass  combined  with  gas  motors  and  Stirling 
engines.  All  the  technologies  mentioned  involve  the  use  of 
elaborate  mechanical  equipment  and,  therefore,  need  for  their 
operation  and  for  their  maintenance  highly  trained  personnel. 
During  the  past  25  years  thermoelectric  converters  have  been 
developed  mainly  for  space  applications.  This  technology  is 
now  also  being  applied  to  supply  electricity  in  remote  places 
such  as  light  houses  or  on  mountains  but  appear  also  possible 
in  bioenergy  applications.  These  installations  are  normally 
supplying  hot  water  for  space  heating.  Low  conversion 
efficiencies  to  electricity  are  no  problem  as  heat  can  also  be 
utilised.  First  tests  of  the  technology  have  been  performed  in  a 
bench  scale  unit  in  the  laboratory.  It  has  a  capacity  of  about 
0.45  kW  electricity  and  6.8  kW  of  heat  in  form  of  hot  water. 

Experimental  Setup 

A  Thermoelectric  Generator  (TG)1  usually  powered  with 
Propane/Butane  or  Natural  Gas  has  been  installed  in  a  special 
designed  testrig  for  biomass  combustion.  BFBC  combustion 
technology  (Bubbling  Fluidisised  Bed  Combustion)  has  been 
chosen  to  guarantee  best  heat  transfer  at  moderate  combustion 
temperatures  at  about  800°C.  The  TG  has  a  cylindric  cross 
section  and  is  part  of  the  combustion  chamber.  Combustion 
heat  is  transferred  from  the  hot  sand  particles  to  the  inner 
surface  while  the  cold  junction  side  is  surrounded  with  a  water 
jacket  maintaining  a  large  temperature  gradient  across  the  TG 
respectively  the  thermocouples.  An  additional  shunt  regulator 
circuit  prevents  the  TG  from  an  current  more  than  30  A  and  an 
open  circuit  voltage  of  more  than  50  V. 

The  TG  is  based  upon  lead  telluride  technology.  Similar  TGs 
are  used  in  a  number  of  self  powered  devices  in  harsh  and 


1  550  W  Generator,  Global  Thermoelectric ,  Model  8550 


remote  environment  and  military  applications  [1-3].  According 
to  the  company’s  specifications  the  electrical  output  at 
standard  conditions  is  550  W. 


A.  .  .fluidisation-air  inlet 

B. ..windbox,  distributor 

C.  .BFBC  bed 

D. .. water  jacket 


E. ..TG 

F. ..  freeboard 

G. .. exhaust 

H. .. feeding  assembly 


Figure  1:  Technical  drawing  of  the  testrig 


Basic  Equations 

For  the  calculation  of  the  thermoelectric  properties  Sab,  Ri  and 
K  a  simple  algorithm  based  on  the  following  equations  for 
thermoelectric  power  generation  has  been  used  [4,  5]: 

Under  steady  state  conditions,  omitting  the  Thompson  effects 
and  following  basic  assumptions  balancing  the  hot  junction  side 
equations  (1)  to  (8)  can  be  derived: 
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•  Any  additional  electrical  resistance  of  the  junction 
interfaces  between  the  thermoelectric  elements  and  the  hot 
and  cold  plates  and  between  adjacent  thermoelectric 
materials  are  neglected. 

•  All  heat  from  the  source  is  assumed  to  pass  into  the 
thermoelectric  elements,  i.e.  stray  heat  leakage  is 
neglected. 


Qa  ~Qp  ~~2^j  +Q>C 

0) 

Qa=SABITi-ERj+KAT 

(2) 

P  =  j.u=^  AT)2«‘ 

(Ri+R,)2 

(3) 

n  (SAB^T)2 

max  4R, 

(4) 

with 

Rt  -  +  &B  -  Pa  ID  a  +  Pb  !Db 

K  =  Ka  +  Kb  =  kADA  +  kBDB  (5) 

Dn  =  A„  lln 


For  a  maximum  power  output  from  the  TG,  the  load  resistance 
Ri  should  be  equal  to  the  internal  generator  circuit  resistance 
Ri  =Ri+R2.  Using  definition  (6)  the  maximum  efficiency  (7)  is 


difference  was  done  using  the  basic  equation  for  P  (equation 
3).  The  energy  balance  over  the  TG 

Qa-Qc+P  W 

in  combination  with  expressions  (2)  leads  to  values  of  K. 
Additional  the  momentary  open  circuit  voltage  was  used 
calculating  the  internal  resistance  R,. 

The  performance  data  of  the  TG  are  shown  in  figure  2.  The 
maximum  output  at  about  790  °C  bed  temperature  is  about 
450  W  at  a  hot  junction  temperature  of  450°C  with  an  optimal 
load  resistance  of  0,90  Ohm  and  an  efficiency  of  6,27% 
according  to  definition  (6)  (see  figures  3  and  5). 


Performance  P 


7max  ^max  /Qa 


AT 

2f  -A772  +  4/Z 


(6) 

(7) 


Figure  2:  Performance  at  different  temperature  AT  versus 
load  resistance  at  a  cold  junction  temperature  of -100  °C. 


with 


(Ra+Rb)(Ka+Kb) 

Z  is  called  the  “figure  of  merit”.  The  quantity  of  Z  is 
determined  by  the  properties  of  the  thermoelectric  materials. 
For  solids  Z  typically  is  of  the  order  from  MO'3  to  3-10"3  [C1]. 

Measurements  and  results 

Measurements  were  carried  out  at  different  bed  temperatures 
starting  at  about  330°C  up  to  800°C.  The  fluidisation  air  in  a 
first  step  was  preheated  to  warm  up  the  bed  particles  and  after 
gaining  the  ignition  point,  feeding  of  the  biofuel  (chips  or 
pellets)  was  started.  For  determining  the  temperatures  at  the 
cold  respectively  at  the  hot  junction  side  heat  transfer 
coefficients  for  both,  bed  to  hot  shell  and  cold  junction  side  to 
cooling  water  were  calculated.  The  flow  of  the  cooling  water 
was  adjusted  to  maintain  a  cold  junction  temperature  of  about 
100  °C.  At  stable  temperature  gradients  over  the  TG  the  load 
resistance  was  varied  in  the  range  from  0.05  to  ~  10.0  Ohm 
measuring  current  and  voltage  of  the  thermocouples. 

The  experimental  determination  of  the  resistivity  Ri  and  the 
Seebeck  Coefficient  Sab  as  a  function  of  temperature 


Efficiency  r\ 


Figure  3:  Efficiency  according  to  definition  (6)  at  different 
temperature  gradients  AT  versus  load  resistance  at  a  cold 
junction  temperature  of -100  °C. 

The  allowed  maximum  temperature  at  this  side  of  580  °C 
could  not  be  reached  due  to  a  bad  heat  transfer  coefficient 
from  bed  particles  to  the  hot  shell  (app.  230  W/m2K).  The 
relative  Seebeck  Coefficients  Sab  of  the  thermoelectric 
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material  were  found  at  220  to  350  pV/°C  with  increasing 
thermoepower  at  high  temperatures  and  are  of  same  magnitude 
of  highly  doped  PbTe  materials. 


Seebeck  Coefficient  Sj* 
Electrical  Resistivity  R 


Figure  4:  Seebeck  Coefficient  Sab  and  internal  generator 
circuit  resistance  versus  temperature  difference  AT.  Cold 
junction  temperature  at  app.  100  °C 


Efficiency  t] 


ATfq 


Figure  5:  Efficiency  and  Figure  of  Merit  versus  temperature 
difference  AT  Cold  junction  temperature  at  app.  100  °C. 


Although  the  attained  efficiency  is  in  the  range  of  comparable 
PbTe-TGs  the  overall  efficiency  of  the  test  rig 

electrical  output 

%  =  — Tr~- — : —  (1°) 

fuel  input 

is  only  about  1%  due  to  great  losses  of  heat  in  the  freeboard 
and  the  exhaust. 

The  following  table  shows  measured  values  for  efficiencies  and 
figure  of  merit  compared  to  typical  data  from  literature  (Cold 
junction  temperature  100  °C)  [6,  7].  Parameters  for  Z  are 
integrated  values  from  T*  to  Ta  and  represent  average  values 
for  S,  R  and  K  neglecting  again  the  Thomson  heat  (ref.  [5])  . 


Temp.  Z  [1/°C] 


°c 

measured 

Literature 

Hot 

200 

3,65E-04 

1.18E-03 

Junction 

300 

5,55E-04 

l,21E-03 

Temp. 

400 

7,91E-04 

1.20E-03 

450 

9,05E-04 

1.22E-03 

Temp. 

Tl  [%] 

°C 

measured 

Literature 

Hot 

200 

0,84% 

2,33% 

Junction 

300 

2,42% 

4,61% 

Temp. 

400 

4,80% 

6,61% 

450 

6,15% 

7,68% 

Table  1:  Comparison  of  measured  data  and  literature  data  for 
a  PbTe  thermocouple. 


Conclusions  and  Lookout 

The  current  TG  design  is  not  optimised  for  biomass 
combustion.  The  high  energy  input  provided  through  biomass 
requires  a  combustion  air  volume  flow  up  to  50  m3/h.  The 
relatively  low  cross  section  area  of  the  TG  leads  to  a  high  gas 
velocity  of  more  than  2.5  m/s  (usually  maximum  for  BFCB 
combustion  is  about  1.0  m/s).  Therefore  a  particle  diameter  of 
app.  800  pm  has  to  be  chosen  to  avoid  elutriation  of  the  bed 
material.  Both,  the  high  gas  velocity  and  the  large  particle 
diameter  result  in  a  decrease  of  the  heat  transfer  coefficient 
from  the  bed  material  to  the  hot  shell  (refer  to  figure  6). 


Figure  6:  Bed-to-surface  heat  transfer  [ W/m2K ]  coefficient 
versus  particle  diameter  [mm] 

Furthermore  the  feeding  point  is  about  400  mm  above  the 
BFBC  surface.  Devolatilisation  of  the  biomass  in  the  freeboard 
occurs  and  shifts  the  heat  release  from  the  bed  to  the 
freeboard.  As  a  result  less  of  the  energy  is  transferred  trough 
the  TG  and  is  lost  by  radiation  in  the  freeboard.  At  high  bed 
temperatures  elutriation  of  the  bed  material  and  fuel  (especially 
small  wood  chips)  can  be  observed.  Table  2  shows  the  energy 
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Nomenclature 


balance  of  the  testrig  in  %  of  the  fuel  input.  A  special  plant 
design  with  air  preheating  of  the  fluidisation  air  and  assuming 
no  radiation  losses  in  the  freeboard  could  gain  an  overall 
efficiency  rj0  of  app.  5%  using  the  same  PbTe  materials. 


_ energy _ % 

Electricity  production  1 

Cooling  system  heat  production  14 

Freeboard  heat  losses  51 

Exhaust  heat  losses _ 34 

Fuel  input  100 


Table  2:  Energy  balance . 
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Symbol _ _ _ [unit\ 


Qa. . .  heat  transferred  from  the  bed  to  the  TG 

w 

Qc. . .  heat  transferred  to  cooling  assembly 

w 

Qj...  Joule  heat 

w 

Qk.  . .  conduction  heat  flowing  in  the  TG  legs 

w 

Qp...  Peltier  heat 

w 

P...  performance 

w 

I...  current 

A 

U...  voltage 

V 

T|,  T|o ...  efficiencies 

- 

Ri„.  load  resistance 

n 

R;. . .  internal  TG  circuit  resistance 

n 

R{indexv  •  ■  internal  TG  circuit  resistance 

Q 

of  material  (index) 

P(in<kx)  -  specific  resistivity 

Qcm 

of  the  material  (index) 

K/index)---  total  thermal  conductance 

w/°c 

of  the  thermocouples 

K/indexi- ••  total  thermal  conductance 

w/°c 

of  the  material  (index) 

k(index)  -  specific  conductivity 

W/cm°C 

of  the  material  (index) 

A(i ndexy ..  area  of  the  TG  leg  of  material  (index) 

cm 2 

D(index)  •••  form  factor  of  material  (index) 

cm 

l/index)-  •  •  length  of  the  TG  leg 

cm 

of  material  (index) 

Sab.  •  *  relative  Seebeck  Coefficient 

v/°c 

of  the  thermocouple  V/°C 

Z...  figure  of  merit 

1/°C 

Ta. . .  hot  junction  side  temperature 

°K 

Ti. . .  hot  junction  side  temperature 

°K 

AT. . .  temperaturedifference 

°C,  °K 

over  the  TG 

Index  A..  Material  A 

Index  B..  Material  B 
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Abstract 

Results  of  works  on  the  phenomenological  and 
microscopic  theory  of  thermoelectricity  together  with  the 
theory  of  thermoelectric  energy  conversion  have  been 
presented.  New  thermoelectric  effects,  generalizations  of  the 
basic  Thomson  relations,  generalizations  of  the  electric 
current  induction  phenomena  for  the  case  of  a  thermoelectric 
medium,  generalizations  in  thermoelements  description  as 
well  as  methods  for  new  types  of  thermoelements  discovery 
have  been  examined. 

Examples  of  new  types  of  thermoelements  offering  some 
advantages  over  the  known  ones  have  been  given.  Actual 
lines  of  the  microscopic  theory  of  thermoelectricity 
development  and  possibilities  of  new  energy  converters 
making  based  on  the  combined  effect  of  electromagnetic  and 
thermal  fields  have  been  studied. 

In  the  field  of  thermoelectric  material  science  the  analysis 
results  of  thermoelectric  materials  figure  of  merit  crisis, 
bounderline  possibilities  of  thermoelectric  figure  of  merit 
have  been  given,  a  new  step  of  thermoelectric  material 
science  based  on  the  use  of  materials  with  programmed 
inhomogeneity  has  been  predicted.  Results  of  combined  study 
of  such  materials  for  the  case  of  thermoelectric  cooling  and 
electric  energy  generation  have  been  presented.  Values  of 
maximum  possibilities  for  thermoelectric  energy  conversion 
efficiency  improvement  on  the  base  of  functionally  graded 
materials  have  been  given.  Results  of  computer  investigations 
and  technology  of  materials  with  programmed  inhomogeneity 
have  been  given.  Other  actual  trends  in  further  developments 
of  thermoelectric  material  science  have  been  considered. 

In  the  field  of  practical  use  of  thermoelectricity  it  was 
given  the  data  on  three  basic  directions  -  measuring 
equipment,  thermoelectric  cooling  thermoelectric  generators. 
Within  the  measuring  equipment  direction  data  on  the 
achievements  of  the  information-and-energetic  theory  as 
applied  to  thermoelectric  detectors,  devices  and  systems  have 
been  given.  Data  on  the  developed  thermoelectric  detectors 
with  maximum  values  of  sensitivity  and  devices  on  their  basis 
have  been  given.  Within  the  thermoelectric  cooling  direction 
the  information  about  methods  of  computer  design  of  cooling 
modules,  developed  series  numbers  of  cooling  modules  of  one 
to  twelve  stages  for  different  temperatures  levels;  developed 
on  their  basis  thermoelectric  cooling  and  temperature 
stabilization  devices,  have  been  presented.  Within  thermo¬ 
electric  generators  direction  results  on  reliability  theory 
recent  achievements  as  applied  to  thermoelectric  energy 
converters,  developments  of  a  new  number  of  modules  for  the 
operating  temperature  level  up  to  300°C  with  increased 
values  of  efficiency  and  reliability  have  been  given. 


Information  on  generators  based  on  such  modules  for  restored 
energy  sources,  utilization  of  different  heats,  autonomous  heat 
and  electric  sources  have  been  given.  Concept  of  cooling  and 
generation  modules  optimal  parameters,  methods  of  their 
measurements,  description  of  measuring  equipment  for 
modules  parameters  determination  has  been  given. 

Introduction 

The  Institute  of  Thermoelectricity  is  engaged  in  the 
complete  set  of  interrelated  scientific  and  applied  research, 
design  and  process  development,  as  well  as  manufacturing  of 
thermoelectric  products.  It  is  our  aspiration  that  theoretical 
research  could  continue  in  the  engineering  and  technological 
developments  and,  further,  in  the  manufacturing  of 
thermoelectric  products.  The  fundamental  research  includes 
phenomenological  and  microscopic  theories  of  thermoelectric 
phenomena,  as  well  as  thermoelectric  energy  conversion. 
According  to  the  requirement,  the  Institute  is  developing 
applied  theoretical  trends  which  basically  include  the  theory 
of  thermoelectric  energy  converters.  The  Institute  is 
investigating  the  trends  of  thermoelectricity  development  and 
devising  rational  fields  of  thermoelectric  device  application. 
Computer  methods  of  thermoelectric  device  design  are  being 
developed.  Investigations  in  the  field  of  thermoelectric 
material  science  are  being  carried  out.  The  comprehensive 
character  of  the  research  carried  out  in  the  Institute  is 
illustrated  in  the  Fig.  1. 


Fig.l.  Pattern  of  research  development  in  the  Institute  of 
Thermoelectricity  of  National  Academy  of  Sciences  and 
Ministry  of  Education  of  Ukraine. 
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Let  us  consider  in  more  detail  the  state  and  prospects  of 
each  trend. 

Phenomenological  theory  of  thermoelectricity 

To  understand  the  potentialities  of  thermoelectricity,  it  is 
important  to  obtain  full  scope  of  possible  thermoelectric 
effects.  The  necessary  generalizations  have  been  made  within 
the  linear  and  local  thermodynamics  for  arbitrary 
homogeneous,  inhomogeneous,  anisotropic  media  affected  by 
arbitrary  physical  fields  and  complete  classification  of 
thermoelectric,  thermomagnetic  and  galvanothermomagnetic 
effects  has  been  made  (Fig.  2).  In  addition  to  the  existing 


The  notations  in  conformity  with  Ref.[l]  have  been  used  in 
the  table.  More  than  two  tens  of  new  effects  have  been 
discovered.  Their  study  can  open  the  opportunities  of  new 
applications.  It  can  also  enrich  the  understanding  of  physics 
of  thermoelectric  phenomena. 

Investigations  have  been  carried  out  to  discover  the  effects 
that  are  described  by  the  nonlinear  and  nonlocal 
thermodynamics  of  irreversible  processes.  In  addition  to  the 
well-known  Benedics  effect,  this  approach  has  allowed  to 
discover  a  series  of  new  effects  which  occur  due  to  extreme 
influences  on  the  thermoelectric  medium.  These  data  are 
generalized  in  Ref.  [2],  An  important  result  of  this  approach  is 
the  possibility  of  new  situations  occurring  in  the  interaction 
of  electron  and  phonon  subsystems  which 
contribute  to  favourable  conditions  for  the 
increase  of  thermoelectric  material  figure  of 
merit. 

Modem  thermoelectricity  is  known  to  be 
based  on  the  Seebeck  effect  which  is  a 
particular  case  of  thermoelectric  effects  in 
the  inhomogeneous  medium  with  a 
pronounced  inhomogeneity.  The  model 
describing  this  effect  is  generally  known  and 
illustrated  in  Fig.3.  However,  there  can  exist 
another,  more  general  approach  to  the 
formulation  of  the  problems  of  thermal  into 
electrical  energy  conversion  based  on  the 
generalization  of  electromagnetic  induction 
phenomena  for  the  cases  of  nonisothermal 
media.  This  description  is  schematically 
shown  in  Fig.4.  This  approach  allows  to 
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Fig .  2.  Scheme  of  effects  in 
thermoelectricity. 

Figures  indicate  the  number  of  effects. 


effects,  the  classification  allows  to  discover  a  series  of  new 
effects,  namely,  thermogradient  and  caloric  ones  (Table  1). 

_ Table  1.  New  predicted  effects. 

Medium 

New  thermogradient  thermomagnetic  effects 
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At*CX 
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1 
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i 

At;||,  At;C± 
at”pj_g,  at;c_l 
at;pih,at;pig 
At;C||,  At"C1 

New  thermogradient  galvanothermomagnetic 

t  i 

Ax  vC± 
At'PXG 
at;ci 
at;p±h 
At;  PIG 

1 

l 

i 

\ 

\ 

I 

at;p±h 

at;phg 

AtJCX 

at;p|| 

at-piig 

\ 

1 

\ 

1 

1 

\ 

AtJIU  ATyCl 
attp-lg,  at;c_l 
at;pih,at;pig 

AtyCH,  ATjCX 

( 

New  surface  caloric  effects 

AK,P|| 

AKjP||G 

AK,C| 

AK.CX 

I 

i 

i 

i 

i 

\ 

AK'QI, 

AK}P|| 

i 

1 

J 

i 

1 

I 

AK}C||,AK}P|| 

AK}CX,AK'P||G 

ak;x,  ak,pxh 

AK7P||G,AK7C|| 

New  volumetric  caloric  effects 

TDev(6r):  Defj  ,-TjDiv,a" 

Can  ccur  in  all  the  media  -TNrotj,  -  TjrotN 


A 


Fig.3.  Diagram  of  Seebeck  effect. 

consider  within  the  uniform  treatment  the  process  of  energy 
conversion  at  the  electromagnetic  induction  and  the  process 
of  thermoelectric  energy  conversion.  In  the  former  case  the 
Foucault  currents  originating  in  the  conducting  medium  are 
used  for  the  formation  of  current  loop  whose  cut  and  current 
withdrawal  to  the  external  circuit  results  in  the  diagrams  of 
electrotechnical  devices  (transformer,  dynamo,  etc.),  which 
have  formed  electrical  engineering.  In  the  latter  case  the 
similar  procedure  leads  to  the  generalized  model  of 
thermoelectric  energy  converter.  Its  consideration  leads  to  a 
series  of  important  consequences. 

Firstly,  the  investigation  of  this  model  allows  to  answer 
the  question:  which  media  and  which  influences  in  the  form 
of  external  physical  fields  result  in  thermoelectric  conversion. 
The  results  of  this  investigation  are  illustrated  in  Table  2.  The 
squares  of  the  table  classify  the  combinations  of  properties  of 
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Fig.4.  Diagrams  leading  to  creation  of  energy 
converters  based  on  the  use  of  eddy  current  mvestll 

concept:  I  -  diagram  of  creation  of  ma®net 

electromagnetic  energy  converter;  II  -  diagram  of  temPer! 

creation  of  thermoelectric  energy  converter;  a  -  conduo 

eddy  Foucault  current  induced  in  conducting  electric 

medium;  b  -  current  loop  formed  by  Foucault  inhomc 

current  lines;  c  -  current  loop  in  alternating  CTa fay,: 

magnetic  field;  d  -  current  loop  in  alternating  conduci 

magnetic  field  with  current  tapping  to  external  circuit;  e  - 
thermoelectric  eddy  currents  induced  in  conducting 
thermoelectric  medium,  g  -  current  loop  from  thermoelectric 
medium  -  generalized  model  of  thermoelectric  energy 
converter;  h  -  current  loop  from  thermoelectric  medium  with 
current  tapping  to  external  circuit;  1  -  current  tapping 
electrical  contacts. 


Notations:  0  -  conversion  is  impossible,  +  -  conversion  is  under 
investigation,  *  -  conversion  is  used,  AT  is  temperature  field,  H  is  a 
magnetic  field,  P  is  force  field,  E  is  electric  field,  VT  -  is  high 
temperature  gradient,  a,  a  -  are  homogeneous  and  isotropic  electrical 
conductivity  and  thermoemf,  ,  a*  -  are  homogeneous  and  anisotropic 
electrical  conductivity  and  thermoemf,  o(x,y,z),  a(x,y,z)  are 
inhomogeneous  and  isotropic  electrical  conductivity  and  thermoemf, 
cTik (x,y,z),  aik(x,y,z)  are  inhomogeneous  and  anisotropic  electrical 
conductivity  and  thermoemf. _ 


1  -  Initial  condition 


Thermoelectric 

medium 


External 

field 


Current 

configuration 


thermoelectric  media  and  fields  which  can  induce 
thermoelectric  currents,  i.e.  thermoelectric  energy  conversion. 
In  one  of  the  squares  of  this  table  there  is  a  well-known 
thermocouple,  in  another  there  are  well-known 
thermoelements  using  thermoemf  anisotropy,  for  example 
Justi  thermoelement,  in  the  third  square  there  are 
thermomagnetic  energy  converters  based  on  the  Nemst- 
Ettingsgausen  effect.  These  squares  illustrate  the  present  state 
of  thermoelectricity  application.  Still  other  fifteen  squares 
have  been  filled  with  comparatively  few  investigations.  The 
rest  of  the  squares  have  not  been  studied  at  all  and  are  blank 
spaces  on  the  thermoelectricity  map.  It  can  be  easily  seen  that 
the  richest  functional  potentialities  are  in  the  squares  that  are 
still  uninvestigated  and  embody,  undoubtedly,  the  prospects 
of  thermoelectricity.  Let  us  illustrate  this  by  several  examples. 
At  first  the  method  was  developed  to  find  the  way  of 
discovering  new  thermoelement  type  from  any  square  of  the 
table  (Fig.  5).  For  this  purpose  the  theory  of  solving  the 


2  -  Solution  of  inversed  thermoelectricity  problem 
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Fig.  5.  Method  of  discovery  of  new  thermoelement  types. 


inverted  thermoelectricity  problems  has  been  developed  [3],  It 
allows  to  find  the  temperature  distribution  at  assigned  current 
distributions  in  the  medium  and  assigned  medium  properties. 
For  example,  to  obtain  circular  currents,  the  current  lines 
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Fig.  6.  Diagram  for  devising  of  thermoelectric  converter  with 
circular  eddy  currents.  1  -  two-dimensional  medium;  2  - 
circular  eddy  currents;  3  -  current  loop  limited  by  current 
lines;  4  -  equal  temperature  and  equipotential  lines;  5  -  lines 
of  current  loop  cut;  6  -  electrical  contacts. 


Fig.  7.  Creation  of  thermal  conductions  in  the  anisotropic 
converter  with  circular  currents,  a,  b  -  temperatures  on  the 
external  and  internal  loop  boundaries;  c  -  thermal  flows 
through  the  external  and  internal  and  loop  boundaries;  d  - 
method  of  creating  thermal  conditions  in  the  loop  by  using  a 
set  of  heaters  and  coolers;  e  -  method  of  creating  thermal 
conductions  in  the  loop  by  two  heaters  A  and  two  coolers  B; 
C  -  insulations  with  heat  conductivity  k;  l0  -  length  of 
heaters  and  coolers. 


Fig.  8.  Circular  single-crystal-spiral  for  thermoelectro¬ 
generator. 

must  have  the  form  of  hyperbolae  (Fig.6).  Withdrawal  of 
current  originating  in  the  medium  to  the  external  circuit  is 
also  shown  in  the  figure.  Fig.7  illustrates  the  variants  of 
creating  these  temperature  distributions  by  placing  heat  and 
cold  sources  on  the  inner  and  outer  surface  of  the  sample.  A 
simplified  variant  is  also  shown  which  includes  only  two  heat 
and  cold  sources.  Actually,  we  have  obtained  a  new 
thermoelement  type  with  circular  currents  similar  to  Foucault 
currents.  Similar  to  electrotechnical  devices,  this 
thermoelement  can  be  made  in  the  form  of  a  single  crystal 
spiral  (Fig.8)  which  can  serve  as  the  basis  for  a  new  variant 
of  helical  generator  with  two  heaters  and  coolers  (Fig. 9).  This 
generator  has  no  junctions,  and  the  necessary  currents  and 
voltages  develop  by  increasing  the  number  of  spiral  coils  and 
choosing  the  spiral  coil  cross  section.  This  demonstrates  full 
analogy  between  the  thermoelectric  and  electrotechnical 
devices. 


„ 


Fig.  9.  Helical  thermogenerator.  1  -  spirals  of  single-crystal 
material;  2  -  heaters;  3  -  coolers;  4  -  filling  substance;  5  - 
insulation;  6  -  electrical  contacts. 
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The  above  example  demonstrates  the  feasibility  of  method 
for  devising  new  thermoelement  types.  This  thermoelement 
type  has  not  been  discovered  accidentally  or  by  conjecture.  It 
is  a  result  of  systematic  approach  with  mathematical  design 
of  its  configuration.  This  systematic  approach  opens  up  high 
potentialities  of  finding  new  thermoelement  types.  More  than 
two  tens  of  new  thermoelement  types  have  been  developed  in 
the  Institute  of  Thermoelectricity  thus  far  which  have 
considerably  expanded  the  potentialities  of  thermoelectricity. 

Thus,  for  example,  based  on  the  rectangular  helical 
structures  (Fig.  10)  an  exceptionally  convenient  and  well- 
behaved  helical  rectangular  thermoelement  has  been  obtained 
which  develops  the  voltage  equivalent  to  tens  of  thousands  of 
series  connected  thermocouples.  This  thermoelement 
successfully  solves  many  problems  of  thermoelectricity  use  in 
measuring  technique. 


a 


Fig.  11.  Short-circuited  thermoelectric  converter  of  a  single¬ 
crystal  with  anisotropic  electrical  conductivity.  A  -  short- 
circuited  current  is  formed  by  conductor  short-circuit;  B  - 
short-circuited  current  is  formed  in  two  plates  with 
anisotropic  electrical  conductivity. 


Fig.  10.  Rectangular  single-ciystal-spiral  for  thermogenerator. 

The  short-circuited  thermoelements  (Fig.  11)  created  by 
this  method  can  serve  as  another  example.  In  this 
thermoelement  combined  actions  of  medium  anisotropy  and 
inhomogeneity  have  been  considerably  used.  It  can  use  the 
best  materials  with  high  values  of  thermoelectric  figure  of 
merit  and  natural  or  artificial  electrical  conduction 
anisotropy.  These  thermoelements  are  practically  not  inferior 
to  traditional  thermocouples  in  efficiency,  but  their  reliability 
is  considerably  higher  compared  to  them. 

It  is  interesting  to  note  that  the  method  of  Fig.5  usage 
leads  to  the  thermocouple  discovery  once  more.  As 
mentioned,  the  thermocouple  is  inhomogeneous  medium  with 
sharp  inhomogeneity  (Fig.  12).  Maximal  eddy  current  appears 
in  this  medium  when  the  temperature  gradient  is  directed 
along  the  medium  interface.  Using  the  method  (Fig.5)  one 
obtain  the  thermocouple  model  (Fig.  12c).  However  such 
investigation  did  not  lead  to  new  type  thermoelement 
discovery,  but  it  confirmed  this  method  efficiency  new 
thermoelement  types  discovery. 

On  the  whole,  despite  the  fact  that  inhomogeneous 
medium  in  thermoelectricity  has  always  been  and  still  is  the 
main  object  of  research  and  application,  it  has  not  been  inves- 


Fig.  12.  Models  of  inhomogenious  media  for  devising  of 
thermocouple  Seebeck  energy  converter;  a  -  inhomogenious 
medium  of  two  various  inhomogenious  media  A  and  B  with 
pronounced  inhomogenity  with  respect  to  termoemf;  L-eddy 
current  lines,  cp-the  angle  between  the  interface  of  two  media 
MN  and  the  direction  of  thermo-emf  coefficient  change;  b- 
eddy  current  value  as  a  function  of  temperature  gradient  ori¬ 
entation  with  respect  to  the  direction  of  thermoelectric  coef¬ 
ficient  change;  c  -  current  loop  between  two  current  lines. 
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Fig.  13.  Loop  with  optimal  inhomogeneity  and  optimal 
temperature  distribution. 


tigated  up  to  now  as  a  loop  with  optimally  changing 
homogeneity  in  optimal  temperature  fields  with  a  view  to 
reach  maximum  efficiency  (Fig.  13).  Only  recently  the  interest 
for  this  research  has  increased  which  has  resulted  in  the 
formulation  of  problems  on  creation  of  function-graded 
materials.  However,  even  during  the  formulation  of  this 
research  specific  problems  of  finding  optimal  inhomogeneity 
distribution  in  the  thermocouple  legs  are  solved. 
Mathematical  methods  of  search  for  optimal  functions  by 
methods  of  optimal  control  theory  have  been  developed.  The 
basic  results  have  been  cited  in  the  monograph  [4]  and  are 
further  developed  in  the  Institute  of  Thermoelectricity  [5]. 

The  above-mentioned  trends  of  phenomenological 
research  include  stationary  processes.  Non-steady 
thermoelectricity  practically  has  not  been  developed  up  to 
now.  Meanwhile,  it  is  a  completely  new  and  promising  trend 
of  thermoelectricity  where  the  processes  of  thermoelectric 
conversion  are  essentially  different  from  those  in  stationary 
thermoelectricity.  Under  these  conditions  the  restrictions 
imposed  on  the  figure  of  merit  of  materials  used  in  steady- 
state  may  change,  which  can  create  a  favourable  situation  for 
the  efficiency  increase.  The  Institute  of  Thermoelectricity  is 
carrying  out  a  research  in  this  direction  [1],  In  particular,  the 
expression  has  been  obtained  for  local  efficiency  at  the 
moment  of  time  t  under  the  non-steady  conditions 


V  (f)  ^7 Carnot 


du: 


1  .  \-2  «  1^0 

„•  (-frl)  |  -Jf 

if  i  +  l  AT* 


(1) 


where  dU*  is  the  change  in  the  internal  energy  of  the 
elementary  converter  volume;  a  * ,  n  * ,  *r ' ,  Z  *  are 
thermoemf,  Peltier  coefficient,  thermal  conductivity  and 
material  figure  of  merit  in  the  elementary  volume  [1].  A  table 
has  been  built  that  includes  various  medium  and  external 


field  variants  which  contribute  to  thermoelectric  conversion 
under  the  non-steady  conditions.  Pyroelectric  and 
piezoelectric  energy  conversion  can  be  found  in  this  table  as  a 
particular  case  (Table  3).  In  the  table  a  is  thermoelectric 
medium,  p  piezoelectric  medium,  p  pyroelectric  medium. 

Table  3.  Mediums  and  influences  leading  to  the  thermal  into 
electrical  energy  conversion  in  the  transient  state. 
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The  Institute  of  Thermoelectricity  is  engaged  in  applied 
research  directed  to  creation  of  scientific  fundamentals  for 
functioning  of  thermoelectric  instruments  and  devices.  This 
includes  information  and  energy  theory  of  thermoelectric 
measuring  systems. 

When  designing  thermoelectric  measuring  devices  the 
approaches  are  usually  used  which  are  valid  for  creating 
thermoelectric  devices  of  energy  purpose.  However,  the 
process  of  electric  energy  generation  from  the  thermal  energy 
and  the  process  of  getting  information  from  the  thermal 
channel  are  not  identical.  Accordingly,  the  descriptions  of 
these  processes  are  also  different. 

The  information  and  energy  theory  has  been  developed  in 
the  Institute  of  Thermoelectricity  with  respect  to  the  detectors 
and  measuring  devices  in  which  thermoelectric  energy 
conversion  has  been  used.  According  to  this  theory,  the 
efficiency  has  been  replaced  by  the  informative  capacity 
parameter 


which  determines  the  number  of  information  units  I  that 
can  be  obtained  per  unit  of  time  from  the  thermoelectric 
measuring  device.  Theoretical  research  has  allowed  to 
establish  the  elation  between  the  informative  capacity 
parameter,  the  design  parameters  of  converters  and  the 
properties  of  thermoelectric  materials  used  in  converters  [6], 
It  has  been  found  out  that  to  reach  maximum  informative 
capacity,  the  thermoelectric  material  must  have  not  only  high 

values  of  ZT ,  but  also  constant  ratio  —  in  the  operating 

K 

temperature  range. 

For  the  realization  of  these  conditions  traditional  methods 
of  thermoelectric  material  optimization  are  not  acceptable. 
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Therefore,  the  method  of  simultaneous  optimization  by 
the  acceptor  and  donor  impurities  was  used  which  realized 
the  mechanism  of  partial  electron  and  hole  compensation 
(Fig.  14).  With  proper  choice  of  the  difference  between  the 

acceptor  Na  and  donor  Nj  impurity  concentrations  the 
number  of  current  carriers  depends  on  the  difference  between 
their  values,  and  scattering  of  current  carriers  depends  on  the 
sum  of  the  acceptor  and  donor  concentrations.  Thus,  two 
competing  scattering  mechanisms  can  be  formed,  namely, 
scattering  of  current  carriers  on  the  ionized  impurity  «,  and 
on  the  phonons  «Ph  and  for  reaching  stability  in  the  assigned 
temperature  range.  This  method  was  used  in  the  development 
of  thermoelectric  material  technologies  for  thermoelectric 
detectors.  Thus,  various  detectors  have  been  produced  -  infra¬ 
red  radiation  detectors,  microcalorimeters,  heat  flow  meters 
and  other  measuring  devices  with  high  informative  capacity 
values  50-250  bit/sec. 

The  development  of  reliability  theory  of  thermoelectric 
devices  and  systems  is  an  important  trend  of  applied  research. 
This  trend  of  thermoelectricity  is  in  a  rather  primitive  state, 
therefore  the  data  on  the  reliability  of  thermoelectric  devices 
are  not  precise  enough.  In  the  Institute  of  Thermoelectricity 
the  state  of  this  problem  has  been  analysed  and  the  scope  of 
research  necessary  for  the  improvement  of  situation  has  been 
determined.  For  this  purpose  a  cycle  of  research  to  determine 
correct  physical  and  mathematical  reliability  models  has  been 
carried  out  in  the  Institute,  alongside  with  the  analysis  of  the 
laws  of  thermoelectric  device  failure  probability  distribution, 
rational  system  of  reliability  parameters  and  characteristics, 
methods  of  reliability  calculation,  accelerated  test  methods  for 
reliability  determination.  Detailed  information  on  this  matter 
can  be  found  in  Ref.  [7],  The  resultant  data  underlied  the 
analysis  of  reasons  for  the  insufficient  reliability  of 
thermoelectric  devices  and  development  of  new  designs  and 
technologies  for  creation  of  highly  reliable  thermoelectric 
converters.  The  use  of  these  achievements  allowed,  in 
particular,  to  create  thermoelectric  modules  for  the  generators 
of  Altec  type  with  reliability  values  10-1000  times  higher 
than  the  traditional  ones. 

Numerous  research  cycles  have  been  carried  out  in  the 
Institute  on  the  microscopic  investigation  of  thermoelectric 
materials.  Among  them  the  investigations  to  specify  the 


electron  and  phonon  spectra  of  thermoelectric  materials  Bi- 
Te,  Cd-Sb,  Zn-Sb,  Pb-Te,  Ge-Si  and  others.  The  purpose  of 
these  investigations  is  to  determine  the  microscopic 
characteristics  for  design  and  optimization  of  thermoelectric 
material  properties.  Particular  emphasis  has  been  placed  on 
the  anisotropic  scattering  processes  and,  on  the  whole,  on  the 
peculiarities  of  low-symmetry  crystal  properties.  Two  reasons 
prompted  to  study  these  problems  in  detail  -  the  elevated 
figure  of  merit  values  that  can  be  obtained  in  anisotropic 
materials  and  direct  use  of  the  anisotropy  of  crystal  properties 
to  create  thermoelectric  energy  converters.  The  mechanisms 
of  thermoemf  anisotropy  origination  and  the  methods  of  its 
increasing  have  been  discovered.  Based  on  these  data,  the 
methods  of  anisotropic  thermoelectric  material  optimization 
have  been  developed  that  underlied  creation  of  proper 
technologies  [1]. 

Marginal  figure  of  merit  potentialities  of  thermoelectric 
materials  based  on  crystalline  structures  have  been  also 
studied  from  which  it  follows  that  maximum  ZT  values  in 
homogeneous  crystalline  structures  cannot,  apparently, 
exceed  2-3.  These  results  give  grounds  to  concentrate  the 
efforts  on  further  investigation  of  the  unusual  thermoelectric 
materials,  namely,  composite  structures,  including  powder 
materials,  materials  contributing  to  quantum  well  origination, 
etc.  [8,9]. 

Practical  works  of  the  Institute  of  Thermoelectricity  are 
concentrated  in  three  basic  directions  -  design  and 
manufacturing  of  generators,  coolers  and  measuring  devices. 
Analysis  shows  that  the  low  power  range  of  10'3  -  103  W 
where  thermoelectric  generators  have  absolute  advantages  is 
most  acceptable  for  generators  today.  To  realize  these 
potentialities,  we  have  solved  the  technological  problems  of 
creating  microminiature  thermopiles  that  contain  up  to  tens 
of  thousands  of  legs  in  1  cm3  of  the  module.  These  modules 
are  used  to  solve  the  problems  of  creating  numerous  sources 
of  milliwatt  range.  The  heat  sources  for  these  generators 
include  isotopes  (space  and  medical  use),  temperature 
differences  in  grounds,  release  of  human  heat,  etc.  These 
generators  can  work  at  low  temperature  differences  (units  and 
tens  of  degrees).  The  second  problem  included  creation  of 
reliable  thermopiles  for  utilization  of  low-grade  heat  sources  - 
waste  heat  from  internal  combustion  engines,  gas  turbines, 
waste  heat  from  industry,  garbage  combustion,  etc.  A  series 
of  modules  of  Altec  type  has  been  developed  that  allows  to 
build  module  generator  blocks  of  electrical  power  10-1000W. 
These  blocks  can  be  used  to  create  thermoelectric  energy 
plants  of  various  power  depending  on  consumer  demand  (for 
example,  200kW  for  utilization  of  heat  from  garbage 
combustion  [10].) 

From  the  standpoint  of  creating  efficient 
thermogenerators  it  is  important  to  develop  reliable  devices 
that  convert  fuel  energy  into  thermal  energy.  Highly  efficient 
and  reliable  catalytic  converters  have  been  developed  in  the 
Institute  of  Thermoelectricity  for  this  purpose.  Their  use  in 
combination  with  thermoelectric  modules  allows  to  create 
reliable  and  easy  to  operate  sources  of  heat  and  electrical 
energy.  They  are  convenient  not  only  as  autonomous  sources 
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but  also  as  a  means  to  formulate  the  problems  of  new  general 
concepts  of  electricity  and  heat  supply. 

In  the  field  of  thermoelectric  cooling  the  Institute  has 
developed  the  efficient  programs  of  cooling  module  design 
based  on  the  optimal  control  theory.  This  is  the  way  to  reach 
the  best  cascade  matching  and  optimization  of  cascade 
materials.  In  addition  to  existing  modules,  the  modules  with 
increased  operating  temperature  range  -  up  to  200°C,  and 
recently  up  to  350-300°C,  have  been  developed  by  the 
Institute.  Single-cascade  modules  with  increased  cooling 
capacity,  as  well  as  two-cascade  wide  used  modules  have  been 
created  to  replace  single-cascade  modules  of  numerous 
household  and  other  technique.  The  Institute  has  developed 
the  technologies  of  multi-cascade  vacuum  modules.  These 
results  are  a  good  ground  for  development  and  manufacturing 
of  numerous  cooling  and  thermostatting  devices  for 
electronics,  radio  engineering,  metrology,  household 
technique,  medicine.  Besides,  the  theory  of  thermoelectric 
cooling  based  on  function-graded  materials  has  been 
developed,  and  the  potentialities  of  using  dynamic  modes  for 
thermoelectric  cooling  that  add  to  the  increase  of  coefficient 
of  performance  and  A Tmax  by  20-30%  have  been  studied.  In 
the  field  of  measuring  engineering,  as  it  was  already 
mentioned  above,  the  information  and  energy  approach  has 
served  as  the  basis  of  instrument  and  device  development. 
Computer  programs  have  been  created  for  the  optimization  of 
thermoelectric  detectors  and  their  materials.  Numerous 
measuring  devices  have  been  created,  namely,  radiation 
detectors,  microcalorimeters,  alternating  current 
transformers,  pyrometers,  etc.  with  parameters  exceeding  the 
existing  analogues. 

On  the  whole,  analysis  shows  that  the  progress  in  the  21st 
century  will  be  undoubtedly  attributed  to  the  development  of 
information  needs  and,  to  a  lesser  extent,  to  the  increase  in 
power  consumption.  Therefore,  the  use  of  thermoelectricity 
must  gradually  tend  to  greater  use  of  thermoelectric  devices 
for  obtaining  information  compared  to  thermoelectric  devices 
for  producing  electrical  energy  and  cold. 
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Abstract 

Today's  thermoelectric  module  (TEM)  users  are  experiencing 
a  growing  world  marketplace  filled  with  new  or  undiscovered 
sources  for  components.  Selecting  the  right  thermoelectric 
module  supplier  for  a  particular  application  is  not  as  easy  as  it 
once  was. 

New  applications  in  thermoelectrics  are  occurring  faster  now 
than  ever  before  as  more  people  learn  the  benefits  of  using  the 
technology.  As  these  applications  become  more  diversified 
and  the  variety  of  the  customer's  needs  expands,  other  criteria 
should  be  considered  before  selecting  a  TEM  supplier  based 
solely  on  price,  performance  and  delivery. 

This  paper  examines  TEMs  produced  by  manufacturers  from 
all  over  the  world.  A  module  performance  survey  illustrates 
the  range  of  products  available  today.  Some  of  the  TEM's 
were  selected  from  this  survey  to  undergo  a  variety  of  quality 
and  reliability  tests.  These  tests  include  electro-thermo 
cycling,  high  temperature  ramp  and  soak,  and  thermal  pulse. 
In  addition,  dimensional  and  visual  inspections  were 
performed  and  the  results  are  included  as  a  part  of  the  over¬ 
all  "vendor  qualification"  process  described  in  this  paper. 

Introduction 

A  series  of  tests  and  measurements  should  be  performed  in 
order  to  thoroughly  evaluate  a  TEM.  Most  of  these  tests  are 
designed  to  examine  the  performance  and  reliability  of  the 
module.  Failures,  as  a  result  of  these  tests,  usually  occur  in 
the  areas  of  pellet  joining. 

After  a  TEM  has  passed  the  performance  requirements  of  a 
particular  application,  the  next  step  is  to  determine  whether 
or  not  the  device  will  be  reliable.  To  do  this,  the  TEM  is 
subjected  to  three  standard  tests  incorporating  various 
conditions  designed  to  stress  pellet  diffusion  barriers  and  the 
module's  mechanical  joining  quality. 

TEM  Performance  Test 

The  first  area  of  interest  when  selecting  a  TEM  is  typically 
the  performance  of  the  device  based  on  the  particular 
requirements  of  the  application.  The  test  method  most  widely 
used  to  measure  the  performance  characteristics  of  a  TEM  is 
referred  to  as  the  modified  Harman  technique. 

This  test,  originally  developed  by  T.  Harman  and  J.  Honig[l] 
in  the  early  1960's,  was  modified  by  R.  Buist[2]  to  incorporate 
a  "transient"  method  that  enabled  one  to  quickly  and 
accurately  measure  the  Seebeck  coefficient,  a;  electrical 
resistivity,  p;  thermal  conductivity,  k;  and  ZT. 

The  data  presented  in  Figure  1  illustrates  the  ZT  values  for  a 
standard  127  couple,  6  amp  module.  The  Y-axis  represents 
the  ZT  value  measured  in  the  thermocouple  mode[2]  at  room 


temperature.  Each  letter  designation  on  the  X-axis  represents 
a  different  TEM  manufacturer.  The  second  set  of  points  for 
letters  E,  A,  and  F  represents  the  values  of  modules 
commonly  found  in  products  produced  by  these  vendors.  The 
high  levels  of  ZT  by  these  vendors  illustrates  what  they're 
capable  of  producing  upon  "special  selection".  This  is 
especially  interesting  to  note  in  the  "A"  vendors'  case,  having 
the  capability  of  producing  the  best  performing  TEM  in  the 
lab  and  nearly  the  lowest  in  large  volume  production. 


ABCDEFGBH  I  J  KLMNOEAF 
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Figure  1  Thermoelectric  Module  Survey 


Cycle  Test 

The  next  test,  TEMs  are  commonly  subject  to  undergo,  is 
often  referred  to  as  the  cycle  test.  Techniques  of  this  type  of 
test  vary  from  manufacturer  to  manufacturer  but  the  basic 
principle  remains  the  same.  The  TEMs  are  usually 
temporarily  assembled  between  two  heat  sinks.  Power  is  then 
applied  to  the  module  for  a  short  period  of  time,  usually  5  to 
10  minutes.  An  automatic  timer  switch  then  reverses  (some 
only  power  off  as  in  Bell  40/90  test)  the  power  to  the  TEM  for 
another  short  duration,  thus  completing  a  cycle. 

The  test  method  used  for  gathering  this  data  applied 
approximately  12  VDC  in  the  positive  or  "cooling  direction" 
for  5  minutes.  The  power  is  then  reversed  to  the  negative 
direction  for  a  5  minute  increment  at  approximately  5  VDC. 
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The  temperatures  that  were  produced  during  this  particular 
test  were  approximately  -15°C  in  the  cooling  mode  and 
approximately  50°C  when  heating.  A  counter  recorded  the 
number  of  cycles  completed  throughout  the  test.  The  test 
apparatus  incorporated  the  "bang-bang"  or  "full-power-on" 
process  when  power  is  applied  to  the  module  and  was  capable 
of  testing  up  to  6  TEMs  simultaneously.  This  particular 
method  was  more  severe  than  the  standard  "Bell  90/40"  test, 
therefore,  reducing  the  time  required  to  determine  TEM 
reliability. 

The  data  presented  in  Figure  2  illustrates  the  shift  in  AC 
resistance  as  a  result  of  over  three  thousand  temperature 
cycles.  The  test  data  shows  rapid  degradation  in  modules  #4 
and  #5.  This  trend  indicates  likely  catastrophic  failure  for 
these  two  modules.  The  continuing  increase  in  AC  resistance 
for  the  other  three  modules  is  further  evidence  this 
manufacturer  has  unreliable  TEMs. 


Figure  3  is  an  example  of  a  group  of  TEMs  that  have 
undergone  the  same  test.  These  TEMs  exhibit  a  slight  shift 
in  AC  resistance  initially,  however,  level-off  at  an  acceptable 
value,  <5%  change. 

High  Temperature  Ramp  and  Soak  Test 

This  test,  sometimes  referred  to  as  a  bake  test,  is  used  to 
thermally  stress  a  TEM.  The  TEM  is  subjected  to  elevated 
ambient  temperatures  near  the  maximum  operating  range  for 
extended  periods  of  time.  The  stresses  incurred  during  this 
type  of  test  affect  both  the  effectiveness  of  the  nickel  diffusion 
barrier  on  the  TE  material  and  the  mechanical  integrity  of  the 
solder  bonds  at  each  junction. 


Accumulated  Cycles  (10  min.  per  cycle) 

Figure  3  Percent  Change  in  AC-Resistance  Due  to 

Temperature  Cycling _ __ 

The  TEMs  used  for  this  test  are  standard  high  temperature 
devices  that  are  rated  for  continual  operation  up  to  200°C. 
Before  exposure  to  the  high  temperature  environment,  the 
modules  were  tested  to  measure  the  AC  resistance  and  ZT. 
Any  increase  in  AC  resistance  and/or  decrease  in  ZT 
observed  in  TEMs  after  this  type  of  high  temperature 
exposure  would  be  an  indication  of  an  inferior  TEM. 

The  TEMs  were  placed  in  a  laboratory  oven  and  heated  to 
160°C  for  a  24  hour  period.  The  TEMs  were  then  removed 
from  the  oven  and  allowed  to  cool  to  room  temperature.  The 
AC  resistance  and  ZT  values  were  measured  again  and  TEMs 
were  placed  back  into  the  oven  for  another  heating  interval  at 
160°C.  After  approximately  72  hours,  the  TEMs  were 
removed  from  the  oven,  allowed  to  cool  to  room  temperature, 
and  the  AC  resistance  and  ZT  measured  again.  A  final 
sequence  of  baking  at  160°C  for  168  hours  was  completed 
and  again,  the  values  for  AC  resistance  and  ZT  measured. 

Figure  4  shows  the  effect  on  the  AC  resistance  as  a  result  of 
over  260  hours  of  exposure  at  160°C.  These  10  TEMs  exhibit 
an  alarming  rise  in  AC  resistance  at  a  temperature  40°C 
lower  than  the  specified  operating  range.  Some  TEMs 
changed  over  40%  and  all  of  them  continued  to  increase 
when  the  testing  was  stopped.  It  was  clear  from  this  dramatic 
increase  that  the  TEMs  would  likely  not  survive  an  operating 
environment  near  200°C.  It  was  not  certain  whether  the 
actual  failure  mechanism  was  due  to  a  degradation  in  the 
diffusion  barrier  or  a  mechanical  breakdown  in  the  solder 
junctions.  Further  analysis  is  needed  to  make  this 
determination. 
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Figure  4  Effect  of  Exposure  at  160°C  on  Resistance  of  TE 
Modules 


Figure  5  illustrates  the  effect  the  high  temperature  exposure 
had  on  the  ZT  of  the  TEMs.  It  can  be  expected  that  a 
dramatic  increase  in  AC  resistance  could  result  in  a 
significant  decrease  in  ZT.  This  phenomenon  was  observed 
in  all  10  TEMs  as  a  result  of  this  test. 


Time  (Hours) 


Figure  5  Effect  of  Exposure  at  160°C  on  ZT  of  TE 
Modules 


However,  this  degradation  was  not  as  extreme  as  in  the  case 
of  the  shift  in  AC  resistance.  In  fact,  the  ZT  failures  made  a 
significant  shift  initially,  while  beginning  to  level  off  after 
100  hours.  These  observed  changes  could  be  as  a  result  of 
diffusion  of  copper  into  the  TE  material.  Since  the 
magnitude  of  the  AC  resistance  increase  was  so  great  and  was 
continually  rising,  it  can  be  surmised  that  the  nature  of  the 
failure  was  more  mechanical  than  chemical. 

Thermal  Pulse  Test 

There  is  another  type  of  test  that  can  be  performed  on  TEMs 
to  evaluate  the  integrity  of  solder  junctions.  This  test  applies 
a  brief  pulse  of  AC  voltage  to  all  the  solder  connections  in  a 
TEM.  This  instantaneous  high  voltage  burst  of  energy  will 
create  substantial  heat  in  solder  connections  that  are 


inadequate.  This  heat  energy,  which  is  a  function  of  contact 
resistance,  can  be  observed  by  placing  a  piece  of  thermally 
activated  paper,  such  as  ordinary  facsimile  paper,  against 
both  surfaces  of  the  TEM  as  the  pulse  is  applied.  Any 
extreme  "hot-spots"  in  the  TEM  will  expose  the  thermal 
paper  somewhat  like  opening  the  shutter  on  a  camera  exposes 
film. 

This  test  can  be  performed  on  any  type  of  TEM  and  yield 
results  in  only  a  few  seconds.  Having  the  ability  to  quickly 
test  a  TEM  for  solder  junction  integrity  has  its  advantages 
and  disadvantages  though.  One  shortcoming  of  this 
technique  is  that  it  is  not  very  quantitative.  It  cannot  always 
be  determined  whether  or  not  the  TEM  is  certain  to  fail 
during  operation  or  not.  It  has  been  the  author's  experience, 
however,  that  these  "hot-spots"  are  an  indication  of  poor 
workmanship  and/or  inferior  TEM  components  such  as 
ceramic  metalization,  nickel  plating  on  tabs  or  insufficient 
solder  bonding. 

The  photograph  in  Figure  6  illustrates  the  results  from  a  pulse 
test  that  was  performed  on  two  TEMs  produced  by  different 
manufacturers.  Both  of  the  modules  were  similar  in  type  and 
tested  under  the  same  conditions.  The  voltage  was  adjusted 
to  100  VAC  and  the  pulse  time  to  1/10  of  a  second.  It  was 
determined  through  a  few  set-up  runs  that  these  parameters 
produced  the  best  exposure  for  this  particular  type  of  TEM. 

It  can  be  observed  that  the  thermal  paper  in  the  top  of  the 
photograph  has  a  relatively  uniform  exposure  of  both  sides  of 


Figure  6  Exposed  Thermal  Paper  due  to  Thermal  Pulse 
Test 
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the  TEM.  From  this  type  of  even  heat  spreading  throughout 
the  module  it  can  be  surmised  that  this  was  a  good  module. 
However,  the  exposure  pattern  in  the  bottom  sample  shows 
evidence  of  extreme  heating  in  several  pellet  junction  areas 
on  both  sides  of  the  TEM.  This  type  of  pattern  is  evidence  of 
non-uniform  contact  resistance  throughout  the  TEM. 

Discussion 

The  data  presented  in  the  previous  sections  illustrated  several 
cases  where  TEMs  failed  due  to  the  rigors  of  vigorous  testing. 
The  actual  cause  for  these  failures  is  not  always  easily 
recognized  from  the  results  of  the  tests  performed. 

For  example,  the  TEMs  in  Figure  4  exhibited  extreme 
increases  in  AC  resistance  as  a  result  of  exposure  to  high 
temperatures.  To  determine  the  exact  cause  of  the  failure, 
further  analysis  is  required. 

The  photo  in  Figure  7  was  produced  through  use  of  a 
Scanning  Electron  Microscope  (SEM).  The  TEM  was 
sectioned  through  a  row  of  TE  pellet  junctions  to  analyze  the 
mechanical  integrity  of  the  solder  joint  and  the  effectiveness 
of  the  nickel  diffusion  barrier.  It  was  determined  from  this 
analysis  that  there  was  no  evidence  present  that  would  verify 
any  copper  had  migrated  into  the  TE  material.  This  photo 
does,  however,  reveal  a  substantial  crack  along  the  entire 
solder  connection  between  the  flame  sprayed  nickel  barrier 
and  the  TE  material.  This  type  of  separation  as  result  of  poor 
nickel  bonding  verifies  that  these  particular  TEMs  will  not 
withstand  the  mechanical  forces  exerted  by  thermal  stress  and 
vibration. 


Figure  7  SEM  Analysis  of  High  Temperature  TEM  Solder 
Joint  _ 


photo  exhibits  copper  tabs  that  have  insufficient  nickel 
plating.  When  tabs  of  this  nature  are  used  in  a  TEM,  the 
probability  is  quite  high  that  the  module  will  fail  due  to 
inadequate  solder  adhesion  and/or  copper  diffusion. 


Figure  8  Sample  of  Inferior  TEM  Substrate  Assemblies 


Another  condition  that  sometimes  exists  with  the  ceramic 
substrate  is  irregular  surface  finish  or  blemishes.  A  TEM 
should  always  be  lapped  or  ground  flat  after  assembly  in  order 
to  achieve  smooth,  flat  and  parallel  mounting  surfaces. 
However,  if  the  module  has  weak  solder  junctions,  machining 
the  ceramic  surfaces  can  sometimes  destroy  the  TEM.  In  one 
particular  case,  a  TEM  manufacture  was  unable  to  lap  its 
modules  due  to  weak  solder  connections.  These  modules  had 
extremely  wavy  mounting  surfaces.  The  measured  "wave 
form"  across  the  surface  varied  between  0.040mm  to 
0.072mm  in  height.  Typically  a  TEM  should  have  a  surface 
finish  that  measures  no  more  than  0.5  pm  and  a  flatness  of 
±0.025. 

Excessive  solder  in  a  TEM  can  also  be  a  problem  for  some 
manufactures.  Electrical  shorts  between  couples  and 
excessive  solder  wicking  can  cause  a  TEM  to  perform  lower 
than  desired  or  may  even  become  inoperable  all  together. 
Figure  9  is  a  photograph  of  a  TEM  magnified  through  a 
microscope,  illustrating  excessive  solder  wicking  up  the  sides 
of  the  TE  pellets.  This  type  of  condition  can  greatly  reduce 
the  overall  performance  of  the  module.  Corrections  in  the 
assembly  process  should  be  made  in  order  to  minimize  the 
amount  of  solder  that  is  applied. 


Sometimes,  mechanical  failures  in  solder  junctions  are  not 
caused  by  assembly  process  but  by  inferior  raw  materials  such 
as  ceramics  and  copper  tabs.  Figure  8  is  a  photograph 
illustrating  an  example  of  a  standard  alumina  ceramic 
substrate  (top)  that  was  used  in  a  TEM.  The  substrate  had 
poor  adhesion  between  the  alumina  and  the  metalization. 
The  tab  array  patterns  on  the  substrates  in  the  bottom  of  the 
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Conclusion 

The  evaluation  of  TEMs  is  an  on-going  process  at  TE 
Technology,  Inc.  Verifying  the  performance  and  quality  of 
the  various  suppliers  from  around  the  world  is  crucial  to  any 
manufacturer  that  needs  to  assure  quality,  performance  and 
reliability. 


It  is  apparent  from  this  survey  that  not  all  TEMs  produced 
today  meet  the  specifications  claimed.  Differences  in 
processes,  raw  materials  and  skill  level  all  contribute  to  the 
variation  in  products  that  exist  throughout  the  industry. 
Refining  the  techniques  required  to  produce  reliable  TEMs  is 
not  as  easy  as  it  may  appear.  The  delicate  nature  of  the  TE 
material,  coupled  with  the  difficulty  in  solder  adhesion  has 
made  advancements  in  manufactureability  a  challenge  for 
most,  if  not  all,  suppliers. 

The  future  success  of  thermoelectrics  is  becoming 
increasingly  more  dependant  on  costs,  performance  and 
reliability.  Experimentation  in  material  science,  material 
processing  and  assembly  automation  should  be  a  priority  for 
any  supplier  striving  to  improve  its  products.  That  is  why  we 
are  continuing  to  explore  new  methods  in  TEM  testing, 
manufacturing  and  design  as  part  of  our  day  to  day 
operations. 
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Abstract 

The  influence  of  difference  both  in  thermoelectric  and 
dimension  parameters  of  dice  on  the  work  of  a  thermoelectric 
cooler  is  investigated.  It  is  shown  that  its  work  is  described  by 
the  same  equation  as  that  for  one  die,  with  Seebeck 
coefficient,  resistance  and  thermoconductance  being  replaced 
by  average  values.  The  analysis  of  the  received  equations  is 
presented.lt  is  shown  that  the  distribution  of  dice  properties 
may  not  diminish  the  figure  of  merit  if  thermoelectric 
materials  in  use  are  of  high  quality  and  the 
thermoconductivity  of  the  ceramics  is  high.  The  rule  to 
estimate  the  influence  of  dice  distribution  on  the  work  of  the 
thermoelectric  cooler  is  proposed  and  it  consists  in  small 
difference  between  the  average  dice  resistance  and  the  inverse 
value  of  dice  conductivity.  In  practice  the  difference  of  the 

value  of  electroconductivity  of  dice  ±150  1/Qcm  is  irrelevant 
for  the  work  of  the  module.  Besides,  the  influence  of  doping 
near  the  electrical  contacts  is  analysed.  It  is  shown  that  this 
can  be  used  for  the  increase  of  figure  of  merit  of  the  module. 

Introduction 

In  a  real  thermoelectric  battery  there  is  a  distribution  of  the 
electrical  and  geometrical  properties  of  dice.  It  is  supposed 
that  this  distribution  of  dice  properties  is  not  good  for  a 
battery  because  it  diminishes  the  maximum  temperature 

differential  -  ATmax.  This  conclusion  is  based  on  the  analysis 
of  work  of  one  die.  It  is  known  that  in  this  case  the  current 
for  the  regime  of  the  maximum  coefficient  of  performance 
depends  on  the  electrical  and  geometrical  parameters.  Hence 
every  die  has  its  own  current  for  that  regime  and  the  work  of 
the  battery  becomes  not  very  effective. 

Mathematical  analysis  of  the  functioning  of  a  battery  with 
different  dice  has  not  been  made.  This  article  tries  to  fill  in 
the  above  mentioned  gap  and  to  connect  the  properties  of  the 
battery  with  those  of  dice. 

The  analysis  of  the  work  of  the  battery  with  different  dice 
If  the  battery  dice  have  different  properties  then  it  is  possible 
to  present  the  heat  balance  on  the  cold  junction  for  every  die: 

hlToil-^Ri-KiAT-Q;  (1) 

where  i  -  the  number  of  a  die  i  =  1...N,  N  -  the  total  quantity 

of  dice,  oti,  R„  K;  -  the  Seebeck  coefficient,  resistance  and 
thermoconductance  of  i  -die  accordingly,  Qi-  the  heat  load  of 

i  -  die,  T0j  -  the  temperature  of  cold  end  of  i  -  die,  AT,  -  the 
temperature  difference  of  i  -  die,  I  -  current.  Qi  can  have  both 
positive  and  negative  sign,  which  corresponds  to  heat 
absorption  or  heat  production  by  the  die.  Qi  has  two  parts: 
Qi  =  Qexi  +  Qw  ,  where  Qex,  -  the  heat  load  from  external 


sources  and  Q™  -  the  heat  load  from  all  the  dice.  Let  the 
external  heat  load  of  the  battery  be  zero,  then  every  Qexi  =  0  . 
If  equations  (1)  for  every  die  are  summed  up  then  it  comes 
to  the  following: 

faiToil-^I^Rj-iKiAToi  =fjQiai  (2) 

i-1  ^  i=l  i=l  i=l 

All  sources  of  internal  heat  are  already  taken  into 

N 

consideration  in  the  left  part  of  (2)  therefore  ^  Qmi  =  0 .  If 

i=l 

the  thermoconductivity  of  the  heat  junction  is  high  then  the 
heat  loss  along  the  junction  can  be  neglected  and  all  AT,  are 

equal  ATj  =  AT  for  every  i.  It  is  also  correct  for  Toi :  To,  =  To 
for  every  i.  This  being  accepted,  equations  (2)  can  be 
presented  in  the  following  form: 

aT0I--I2R-ATK  =  0  (3) 

0  2 


N  N  N 

EM  _  ZRi  _ 

where  a  =  — - ,  R  =  -^7— - ,  K  =  1-1  -  are  the  average 

N  N  N 

of  the  Seebeck  coefficient,  the  resistance  and  the 
thermoconductance  accordingly.  Thus,  the  equation 
describing  the  work  of  the  thermobattery  is  the  same  as  that 
for  a  single  die  if  the  thermoconductivity  of  heat  junction  is 

infinitely  high  and  the  values  of  a,  R  and  K  are  replaced  by 
the  average.  According  to  it  all  the  expressions  concerning 
the  battery  work  are  the  same  as  for  a  single  die. 

It  is  necessary  to  pay  attention  to  the  fact  that  the  average 

electroconductance  a  is  not  equal  to  Let  o,  =  a  +  A, 

then  with  an  accuracy  of  the  second  order  on  -J- 

a 


R 


( 


i=i  a 


V 


J 


(4) 


i.e.  always  R  >  =L .  Therefore  there  are  two  values  of  figure 
(a)2  (a)2  a 

of  merit  :  Z- =4=4-  and  Z-  =  4  ,  and  always 

R  RK  a  K 

Z<7  ~  ZR  ' 

Now  we  consider  how  the  difference  of  dice  properties 
influence  on  the  work  of  a  thermobattery.  First  of  all  we 
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investigate  the  case  when  the  geometric  parameters  of  dice 
are  equal  but  thermoelectric  ones  are  different. 

Let  one  half  of  the  dice  have  the  thermoelectric  parameters 


oti  ,  Ooi  ,  K0i  and  the  other  half  -  a2  ,  Qo2 ,  k02-  The  symbols 

Ooi  and  Koi  denote  the  electroconductivity  and 
thermoconductivity  of  dice. 

This  case,  though  very  simple,  is  very  significant.  In  this 
2  “  a01+cr02 


—  a,+a2  —  a01+cr 

case  a  = — - - ,  ao  =  — 


ko  = 


and 


resistivity  p0 


1  |  1 
CT01  CT02>' 


—  —  s  —  —  i 
.  Then  K  =  ko  -  ,  R  =  p„  - 
1  s 


and 


-  -  s 
a  =  ao  j. 


where  1  -  the  die  length  and  s  -  the  die 


crossection. 


Fig  1:  The  dependence  of  average  values  of  Seebeck 
coefficient  a  and  the  thermoconductivity  k0  from  the 

electroconductivity  a0  . 

The  dependence  of  k0(g0)  and  <x(g0)  for  thermoelectric 
materials  is  represented  on  fig.  1.  As  k0  has  the  linear 
dependence  on  cr0  ,  ko  =  k0^g0).  The  dependence  oi(g0) 

has  a  convexity  directed  down,  therefore  a  >  a^a0  j  and 
a2  ao  a2(aoWo 

Z-  =  — = —  >  Z-  =  —  r  .  Hence,  an  unexpected 
ko  00  k0(go] 

conclusion  is  obtained:  the  figure  of  merit  Z-  for  the  case 

with  different  dice  properties  is  higher  than  the  figure  of 
merit  of  the  thermoelectric  material  of  electroconductivity  of 

oo .  However  the  efficiency  of  the  battery  is  defined  by  Z- . 
The  declining  of  the  extrapolated  value  of  a  from  the  true 


one  is  proportional  to  .  The  influence  of  the  growth  of  a 

and  R  is  defined  by  the  members  of  the  same  order  but  with 
different  signs.  In  a  common  case  it  can  lead  both  to  growing 


of  Z-  and  to  diminishing  of  it,  relatively  of  Z 


-I). 

rJ 


The  real  dependence  of  a(o0)  is  likely  to  be  of  the  kind  that 
there  is  small  diminishing  of  Z- . 


Usually  the  accuracy  of  measurements  of  the  value  of  a  is 
about  1%.  Therefore  it  is  natural  to  accept  the  error  in 

r- y~ 

difining  the  value  of  q  =  — — -a  as  1  -  2  %.  This  value  can 

G 

be  a  measure  of  declination  Z-  from  Z- . 


For  the  case  under  consideration 


T\  = 


Vg  oJ 


2 

where 


g01  =  go  +A0  and  g02  =  go  -A0 .  As  go  *  1000  £2 ''em'1 

the  declination  about  100  150  Q'1  cm'1  from  the  average 
value  of  conductance  dosn’t  lead  to  marked  diminishing  of  Z 
of  the  battery.  Now  we’ll  investigate  the  case  when  the 
electrical  parameters  of  the  dice  are  equal  but  geometrical 

ones  are  different.  In  this  case  the  values  of  a,  o,  k  are  equal 
for  every  die  and  the  difference  of  dice  length  and  crossection 

leads  to  the  increase  of  R  relative  jA .  Therefore 

geometrical  difference  always  leads  to  diminishing  the 
efficiency  of  the  thermobattery.  Expression  (  4  )  is  valid 

irrespectively  of  the  nature  of  the  declination  of  R  and  o  from 
its  average  value. 

Let  us  have  two  kinds  of  dice.  One  half  has  crossection 


Si  =  (ao  -  S)2  where  ao  -  average  width  of  dice,  and  the  other 

half  -  S2  =  (ao  +  8)2  .  The  thermoelectric  parameters  and 
lengths  are  regarded  as  equal  for  both  halves.  In  this  case 


q  =  2 


^  5  N'2 


U  0J 


Therefore  for  accepted  value  of  q  the 


declination  of  the  width  of  the  dice  from  the  average  value  of 
ao  can  be  10  - 15  %.  In  the  same  way  it  can  be  shown  that  the 
tolerance  of  height  is  equal  to  10  - 15  %. 


The  influence  of  dice  doping  near  contacts  on  the  work  of 
the  battery. 

It  is  believed  that  contact  resistance  diminishes  the  figure  of 
merit  of  a  thermoelectric  cooler.  It  is  true  if  contact  resistance 
takes  place  between  a  semiconductor  and  metal.  But  probably 
the  contact  resistance  appears  as  a  result  of  doping  of 
semiconductor  near  a  contact.  Therefore  a  more  realistic 
model  of  contact  resistance  of  a  die  is  represented  on  fig.  2, 
where  near  contacts  there  placed  regions  with  length  1  and 

thermoelectric  parameters  C\9  au  (  electroconductivity, 
Seebeck  coefficient  and  thermoconductivity  accordingly). 
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These  parameters  are  different  from  those  of  basic  material  - 

02,  a2,  K2.The  system  of  equations  for  such  a  layered  die  can 
be  found  anywhere  [1-5]  and  is  represented  below: _ 


T„  Tx  T2  T3 


Fig.2.  Distribution  of  doping  regions  in  a  die.  L,1  -  length  of 
the  region,  T,  -  temperature,  AT;  -  temperature  difference. 


ajITo  -yI2R,  -kjATj  =0  (5.1) 

a, IT,  +-I2R,  -kjAT,  =a2rr,  -|l2R2  -k2AT2  (5.2) 

2  2 

a2IT2  +-I2R2  -k2AT2  =a,IT2  -|l2R,  -kjAT3  (5.3) 
2  2 

R]  =  — ,R2  =  — ,k,  =Kjy,k2  =k2  Y  (5.4) 

o,s  a2s  1  1 

where  s  -  crossection  of  a  die,  other  designations  correspond 
to  those  of  fig.2. 

ATi,  AT2,  AT3  can  be  calculated  from  system  (5).  The  total 

temperature  difference  of  the  die  AT=AT,+AT2+AT3  can  be 
calculated  also.  Restricted  by  the  terms  of  second  order  on  I 
we  can  receive  the  followig  expression  for  figure  of  merit  of 
the  die  Zeff: 


Zeff  -  z2 


1+2- 


aiic2l 

a2KjL 


1  +  2- 


a  i  L 


1  +  2 


K,1 


K,Ly 


+  Z,T0 


a. 


a, 


(6) 


ct21 


a,L 


If  1/L  «  1  and  the  realistic  thrmoelectric  parameters  for  a;, 

oi;  k;  i=l,2  are  used  then  Zefi<  Z2  .  The  supposition  about 
small  current  is  natural  because  the  control  of  module 
quality  is  fulfilled  by  Harman’s  method  [6]  or  some 
modification  of  it.  Antidiffusion  layers  are  known  to 
diminish  the  contact  resistance.  If  an  antidiffusion  layer  is 
placed  on  one  end  of  a  die  then  we  receiwe  the  system  which 
is  represented  on  fig.  3.  Such  a  layered  die  can  increase  Zefr 
relative  to  the  figure  of  merit  of  the  basic  material  -  Z2  [1-5]. 


The  expression  for  Zeff  can  be  received  by  solution  of 
equations  (5.1)  and  (5.2): 


1+ 


Zeff  -Z2 


<*iK21 

oc2k,L 


a2l  a2K2l2 
1+2 — — +  2  2 


2a- 


^r  +  ^-y-Z.To 
a,L  c^KjL 


^a2 

Vai 


a,L 


(7) 


AT, 

at2 

^  W 

a. 

a2a2K2 

CTi 

Ki 

. _ L _ w 

1 

<  > 

- —  W 

Fig.3:  Distribution  of  doping  regions  in  the  die  with 
antidiffusion  layer  on  one  end  of  the  die 


From  (7)  it  is  apparent  that  if  ai>a2  and  the  doping  layer 
is  placed  near  the  hot  end  of  the  die  then  Z ,,.>■>  Z2. 

Discussion 

The  above  results  are  received  for  the  case  of  infinitely  big 
thermoconductivity  of  junctions,  which  is  not  true  for  a  real 
thermobattery.  If  the  thermoconductivity  of  junctions  is  finite 

then  AT;  and  T0i  are  different  and  equation  (  3  )  becomes 
wrong.  Different  points  of  the  junctions  will  have  different 
temperature.  Mathematical  analysis  of  such  a  case  is  very 
complicated  and  the  expected  results  don’t  justify  the  effort. 
But  there  is  a  method  to  minimize  the  unwanted  sequence  of 
finite  thermoconductivity  of  junctions  in  a  battery.  For  that  it 
is  necessary  to  minimize  the  length  of  the  thermal  flow  from 
one  die  to  another.  The  statistical  distribution  of  the  dice  isn’t 
a  better  case.  The  optimal  distribution  consists  in  the  fact 
that  a  die  of  one  sort  has  maximum  number  of  neighbours  of 
other  sort.  Such  distribution  takes  place  when  dice  with 
different  properties  of  n  -  and  p  -  type  are  used.  In  this  case 
the  communication  lamels  diminish  the  heat  loss  along  the 
junction.  The  examined  case  of  two  kinds  of  dice  is  most 
unfavorable  for  declination  from  the  average  value.  It  is 
better  to  use  a  larger  assembly  of  dice.  This  will  diminish  the 
declination  of  material  properties  from  their  average  value. 

As  to  doping  near  contacts  it  is  difficult  to  determine  the 
possibility  of  this  method.  But  it  is  clear  that  some  attention 
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must  be  paid  to  the  solders  which  dope  the  die.  These  solders 
have  been  looked  upon  as  not  satisfactory  ones  so  far. 
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Abstract 

Thermoelectric  semiconductors  and  the  mass  production  of 
thermoelectric  modules  have  experienced  a  big  development  in 
the  last  years,  making  thermoelectricity  attractive  for  industrial 
and  commercial  applications.  The  design  of  industrial  applica¬ 
tions  requires  deep  knowledge  about  how  thermoelectric 
modules  behave.  Even  in  the  case  of  an  application  designed  to 
work  at  a  certain  operating  point  of  the  module,  it  is  interesting 
to  evaluate  how  would  it  behave  at  different  working  conditions. 
The  thermal  and  electrical  characteristics  of  the  commercial 
thermoelectric  modules,  provided  by  the  manufacturers,  usually 
represent  the  optimal  working  condition  or  a  few  points  in  a 
narrow  area  around  that  point.  But  the  characteristics  can  not  be 
considered  constant,  the  modules  are  specially  sensitive  to  the 
temperature,  which  is  very  changeable  in  real  applications  and  in 
fact  depends  on  the  heat  transferred. 

This  paper  shows  the  results  of  testing  two  commercial  thermo¬ 
electric  modules,  one  is  the  typical  12V,  Tmax=80°C  and  the 
other,  designed  for  high  temperature,  is  a  50W,  Tmax=200°C. 
All  the  results  have  been  obtained  experimentally  using  a  test 
bench  designed  and  built  for  this  purpose.  Special  procedures 
were  applied  in  order  to  be  able  to  control  the  temperature  in 
both  sides  of  the  thermoelectric  module  during  the  experiments. 
A  description  of  the  test  bench  (which  is  very  easy  to  build  for 
any  laboratory)  and  the  procedures  for  testing  modules  in  a 
convenient  way  are  also  included.  The  results  obtained  corre¬ 
spond  to  a  wide  range  of  working  conditions:  a  temperature  from 
-  15°C  to  190°C,  a  range  of  heat  power  from  10W  to  50W,  and 
electric  power  from  0.1W  to  80W. 

Introduction 

For  the  design  and  development  of  industrial  applications,  using 
commercial  thermoelectric  (TE)  modules,  it  is  necessary  to  know 
the  thermal  characteristics  of  the  modules. 

The  behavior  of  the  modules  is  mostly  estimated  using  equations 
or  graphs.  Equations  are  based  on  theoretical  aspects  of 
thermoelectricity  [4]  and  graphs  are  derived  from  the  Universal 
Performance  Graph  [2][5].  The  universal  graph,  already  re¬ 
labeled  for  a  specific  module,  is  sometimes  provided  by  the 
manufacturer  of  the  module.  In  most  cases  this  is  the  only 
information  used  by  engineers.  However,  these  graphs  are  based 
on  the  temperatures  at  the  faces  of  the  module,  which  are 
difficult  to  estimate  due  to  mounting  uncertainties  and  because 
the  temperatures  depend  on  the  amount  of  heat  transferred  by  the 
module.  It  is  also  possible  to  find  the  application’s  working 
point  out  of  boundary  because  the  graphs  provide  data  only  for 
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a  few  working  conditions.  Since  the  modules  show  quite  an 
important  dependency  with  the  temperature,  extrapolation  is  not 
suitable. 

After  testing  some  applications  [1][3]  we  have  found  worse 
performance  than  that  estimated  using  the  graphs.  The  differ¬ 
ence  is  due  to  a  wrong  estimation  of  the  module’s  temperatures 
or  simply  because  the  performance  of  the  modules  is  not  as  good 
as  that  shown  in  the  graphs.  We  have  also  found  disagreement 
in  different  graphs  provided  by  the  manufacturer  for  the  same 
commercial  TE  module. 

A  comparative  study  of  different  modules  based  on  the  graphs  is 
difficult  because  the  manufacturers  may  not  provide  information 
at  the  same  working  points.  For  example,  some  graphs  are  valid 
for  27 °C,  35  °C  or  50°C  in  the  hot  face  of  the  module  and  other 
graphs  are  valid  for  25°C,  35°C,  50°C  or  65°C.  In  both  cases  the 
temperature  range  is  fairly  narrow  taking  into  account  that  the 
operating  temperature  range  of  the  module  is  -150°C  to  80°C. 

Information  about  special  working  conditions  such  as  heat 
transfer  with  negative  temperature  gradient  or  electric  generation 
is  not  available  for  most  Peltier  modules.  These  data  are 
interesting  to  evaluate  some  applications  out  of  the  critical  point 
used  during  the  design. 

A  test  bench  has  been  designed  and  built  in  order  to  obtain  the 
complete  set  of  curves  of  commercial  TE  modules.  This  paper 
includes  a  description  of  the  test  bench  and  the  procedures  for 
testing  modules  in  a  convenient  way.  In  addition,  some  experi¬ 
mental  results  obtained  after  testing  two  modules  are  also 
included.  The  first  module,  coded  CP,  is  designed  to  be  con¬ 
nected  directly  to  a  12V  source.  It  can  work  only  at  temperatures 
less  than  80°C  and  its  parameters  are  the  following:  Imax=8.5A, 
Qmax=68.8W,  Vmax=  15.4V,  ATmax=65°C.  The  second 
module,  coded  HT,  is  designed  for  high  temperature  applications 
(up  to  200°C)  and  has  the  following  characteristics:  Imax=6A, 
Qmax=51W,  Vmax=14.4V,  ATmax=63°C. 

The  notations  used  in  this  paper  for  the  variables  of  the  TE 
modules  are  the  following: 

Qc  is  the  thermal  power  absorbed  in  the  cold  side. 

Pe  is  the  electric  power  supplied  to  the  module. 

Qh  is  the  thermal  power  given  out  of  the  hot  side  (Qh=Qc+Pe). 
I  is  the  current  applied  to  the  module. 

V  is  the  voltage  applied  to  the  module. 

Tc  is  the  temperature  at  the  cold  face. 

Th  is  the  temperature  at  the  hot  face. 

AT  (also  called  DT  in  the  graphs)  is  the  gradient  of  temperature, 
that  is  Th-Tc. 
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It  is  important  to  remark  that  the  subscript  ‘c’  means  cold  sink. 
The  cold  sink  is  the  side  in  which  the  module  absorbs  heat,  but 
not  necessarily  the  side  with  the  lowest  temperature.  Usually,  the 
cold  sink  has  a  lower  temperature  than  the  hot  sink  and  therefore 
AT  is  positive.  But  in  some  situations  AT  can  be  negative,  for 
example  to  absorb  more  than  30W  of  heat  in  the  cold  side  with 
just  1  A,  the  temperature  in  the  cold  side  must  be  higher  than  in 
the  hot  side.  Another  example  is  electric  generation. 


Description  of  the  Test  Bench 

The  test  bench  has  been  designed  for  commercial  TE  modules  of 
standard  dimensions  40x40mm,  but  smaller  modules  can  also  be 
tested.  Using  this  bench  it  is  also  possible  to  compare  the 
performance  of  different  heat  exchangers  in  real  mounting 
conditions.  The  final  mounting  scheme  usually  involves  several 
material,  conductive  gels  and  a  clamping  system;  the  thermal 
conductivity  of  the  system  can  be  estimated  at  real  working 
conditions  (working  temperature  and  heat  transfer). 

The  test  bench  has  been  designed  with  the  following  ideas  in 
mind: 

•  Easy  measurement  of  all  thermal  variables  (heat  transfer 
and  temperatures). 

•  Simple  control  of  the  working  conditions. 

•  Possibility  to  replace  the  TE  module  and  the  heat  exchanger 
easily. 

•  Effortless  testing,  with  short  transients. 

Figure  1  depicts  the  final  design.  Heat  from  the  left  isolated  part 
is  transferred  to  the  right  part  through  the  TE  module  and  then  to 
the  air  or  water  (depending  on  the  kind  of  heat  exchanger). 


Isolation 

Figure  1 :  scheme  of  the  test  bench 


On  the  left  part,  thermal  power  is  generated  by  6  resistors  which 
are  controlled  using  an  external  DC  power  supply.  The  DC 
source  provides  an  accurate  measure  of  the  heat  absorbed  by  the 
module,  except  for  small  losses  through  the  polyurethane 


isolation.  These  losses  have  been  estimated  using  a  3D  finite 
element  model.  For  the  worst  case  (Tc=200°C  and  15°C  of 
ambient  temperature)  total  heat  through  the  isolation  is  3.7W, 
and  in  most  cases  less  than  1.5W.  A  correction  can  be  applied 
rising  in  this  amount  the  power  generated  by  the  resistors. 

The  resistors  are  mounted  on  a  block  of  aluminum  in  order  to 
have  uniform  temperatures  in  the  face  of  the  module  and  to  make 
easier  the  module  replacement.  The  whole  system  is  put  together 
using  two  screws  (from  the  head  exchanger  to  the  A1  block). 

Temperatures  at  the  faces  of  the  TE  module  are  measured  using 
thermocouples.  The  thermocouples  are  inserted  in  small  holes 
made  in  the  aluminum  block  and  in  the  heat  exchanger.  In  the 
worst  case,  less  than  1°C  is  the  estimated  difference  between  this 
measurement  and  the  real  temperature  at  the  face  of  the  module. 

On  the  right  part,  the  heat  exchanger  is  mounted  directly  over  the 
TE  module,  or  using  intermediate  materials  to  imitate  the 
mounting  conditions  of  the  application.  It  is  possible  to  control 
the  performance  of  the  heat  exchanger  in  order  to  change  the 
working  conditions  of  the  test  bench.  The  conditions  are 
changed  by  adjusting  the  fan  speed  in  finned  heat  exchangers  or 
by  adjusting  the  flow  rate  in  liquid  heat  exchangers.  These 
operations  change  the  temperatures  of  the  test  bench;  no  addi¬ 
tional  systems  to  control  the  temperature  of  the  cooling  fluids  are 
needed.  The  only  limitation  is  to  reach  temperatures  on  the  hot 
face  below  the  temperature  of  the  cooling  fluid. 

Procedure  for  Testing 

There  are  three  independent  variables  in  the  TE  module:  Th,  AT, 

I  and  two  dependent  variables:  Qc,  V.  The  performance  graphs 
are  provided  for  fixed  temperatures  Th  and  then  using  AT  and  I 
you  find  Qc  and  V.  Trying  to  obtain  such  graph  directly  from 
the  test  bench  is  somewhat  complicated  because  it  involves  a 
control  of  the  temperatures  Th  and  Tc  by  changing  Qc  and  the 
fan  speed  simultaneously.  Temperature  control  is  difficult, 
sometimes  unstable  and  above  all  very  slow. 

In  order  to  have  easier  testing  we  decided  to  fix  Qc  and  I,  then 
read  the  other  variables.  Qc  and  I  are  controlled  using  two  DC 
power  supplies,  in  few  minutes  the  system  is  steady  and  then 
voltage  and  temperatures  are  read.  Information  for  different 
temperatures  is  obtained  by  changing  the  performance  of  the  heat 
exchanger.  After  a  short  transient,  a  different  set  of  temperatures 
can  be  read. 

Following  this  procedure,  a  big  amount  of  reliable  data  can  be 
obtained  quickly.  Other  conditions,  not  directly  measured,  can 
be  calculated  by  interpolation. 

Experimental  Results 

Two  commercial  thermoelectric  modules  have  been  tested.  A 
broad  range  of  working  conditions  was  studied  (greater  than  that 
provided  by  the  manufacturer).  All  tests  were  made  for  low 
electric  currents  (less  than  5A)  because  the  performance  of  the 
TE  modules  is  better  for  lower  current.  For  example,  the  CP 
module  working  at  Th=25°C,  AT=20°C  absorbs  27W  of  heat  at 
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Module  CP,  Th=50°C,  I=3A 


the  cold  side  and  30W  of  electric  power  when  operated  at  1=4 A 
(this  means  an  efficiency  of  0.9).  On  the  other  hand,  when 
operated  at  I=8A,  the  heat  Qc  is  only  46W  and  the  electric  power 
116W  (this  means  an  efficiency  of  0.4).  Therefore  for  industrial 
applications  it  is  more  interesting  to  operate  TE  modules  at  lower 
power,  using  several  modules  if  necessary. 

The  tests  were  achieved  at  1=1,  2,  3,  4,  5 A  and  Qc=10,  20,  30, 
40,  50W  for  both  commercial  modules  (CP  and  HT).  In  this 
paper  only  a  few  graphs  comparing  experimental  and  theoretical 
results  are  shown,  but  all  the  measurements  of  the  tests  are 
available  via  Internet  at  http://www.iit.upco.es/~paiacios. 

As  an  example,  figure  2  shows  the  measurements  of  the  CP 
module  when  operated  at  I=3A. 


Module  CP,  I=3A 


Figure  2:  Experimental  measurements 

In  this  kind  of  representation  it  is  easy  to  see  that  the  CP  module 
working  at  I=3A  is  not  able  to  pump  more  than  40W  unless  AT 
is  negative.  More  operating  points  for  Qc=40W  should  have 
been  measured  to  confirm  this  statement. 

In  the  following  graphs  the  thick  line  represents  the  experimental 
results,  while  the  thin  line  represents  the  values  calculated  using 
the  performance  graphs  provided  by  the  manufacturer. 

Figure  3  depicts  a  linear  relationship  between  Qc  and  AT  (DT  in 
the  graph)  for  a  given  Th  and  I,  as  illustrated  on  the  universal 
performance  graph.  It  is  interesting  to  note  that  the  experimental 
results  also  show  the  heat  transferred  by  the  module  when  AT  is 
negative,  this  information  is  not  shown  in  the  manufacturer’s 
graphs.  It  is  also  interesting  to  find  that  the  heat  power  obtained 
experimentally  is  always  lower  than  the  power  estimated  using 
the  performance  graph.  This  difference  is  bigger  for  lower 
values  of  AT. 


The  proportionality  between  the  voltage  and  the  differential 
temperature  has  also  been  studied.  Figure  4  shows  the  case  of 
the  CP  module  at  Th=25°C  and  1=3 A.  The  experimental  values 
of  the  voltage  are  higher  than  those  of  the  thin  line.  This  means 
that  the  electric  power  needed  to  obtain  a  current  of  3 A  is  higher, 
and  taking  into  account  that  the  theoretical  heat  transfer  is  also 
higher  (see  figure  3),  then  the  theoretical  efficiency  is  unreach¬ 
able. 


Module  CP,  Th=25°C,  I=3A 


Finally,  two  more  graphs  represent  the  sensitivity  of  the  TE 
modules  to  changes  in  the  operating  temperature.  Figure  5 
stands  for  the  CP  module,  and  figure  6  represents  the  behavior  of 
the  HT  module.  In  the  case  of  the  CP  module  three  lines  have 
been  drawn:  the  thick  line  means  experimental,  and  the  thin  lines 
have  been  obtained  using  performance  graph.  The  dashed  line 
comes  from  a  graph  valid  for  Th=27°C,  35°C  and  50°C,  while 
the  continuous  line  comes  from  a  graph  for  Th=25°C,  35°C, 
50°C  and  75°C.  Despite  the  fact  that  both  graph  were  provided 
by  the  manufacturer  of  the  TE  module,  they  slightly  disagree. 
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Module  CP,  DT=10°C,  I=3A 


Th(°C) 

Figure  5:  Module  CP,  sensitivity  to  the  temperature 


Module  HT,  DT=10°C,  I=3A 


Th  (°C) 

Figure  6:  Module  HT,  sensitivity  to  the  temperature 

Figures  5  and  6  show  that  the  heat  transfer  obtained  experimen¬ 
tally  is  smaller  than  that  estimated  with  performance  graphs.  The 
difference  seems  to  be  more  significant  for  lower  temperatures. 
In  the  case  of  the  HT  module  a  broad  range  of  temperatures  have 
been  studied  experimentally.  In  this  graph  it  is  clear  that  the 
linear  extrapolation  of  the  performance  graph  is  not  suitable. 


Conclusions 

This  work  is  focused  on  obtaining  the  thermal  properties  of 
commercial  thermoelectric  modules  at  operating  conditions  not 
found  in  the  performance  graphs  provided  by  the  manufacturers. 
It  is  also  interesting  to  be  able  to  compare  the  characteristics  of 
several  modules  operating  at  the  same  working  conditions. 

A  test  bench  has  been  built  to  measure  the  thermal  properties  of 
commercial  TE  modules.  In  this  paper  the  scheme  of  the  test 
bench  and  a  procedure  for  testing  modules  have  been  presented. 


Finally,  some  experimental  results  have  been  included.  Two 
commercial  modules  were  examined  in  the  test  bench  and  the 
results  have  been  compared  with  the  performance  graphs 
provided  by  the  manufacturer. 

•  Linear  relationships  between  some  variables  have  been 
confirmed. 

•  It  has  been  shown  that  data  provided  by  the  manufacturer 
for  the  same  TE  module  can  be  inconsistent,  questioning 
the  validity  of  this  information. 

•  Experimentally,  we  have  obtained  worse  results  of  heat 
transfer  and  electric  power  than  those  predicted  in  the 
performance  curves. 

•  A  broad  range  of  working  conditions  have  been  obtained. 

In  following  papers  we  will  show  the  results  of  the  tests  for 
electric  generation  which  are  now  being  performed  in  the  test 
bench. 
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Abstract.  scattering  of  wear  failures.  This  model  can  be  presented  by 


Problems  of  reliable  operation  of  multi-element 
thermoelectric  devices  have  been  considered.  Generalizations 
of  reliability  theory  for  thermoelectric  devices  include: 
physical  and  mathematical  reliability  models,  rational  system 
of  reliability  parameters  and  characteristics  have  been 
presented.  The  methods  of  parameters  and  characteristics 
calculation  and  the  methods  of  accelerated  reliability  tests 
have  been  elaborated.  The  test  results  and  comparative 
analysis  of  thermoelectric  cooling  modules  reliability  have 
been  given.  The  ways  of  thermoelectric  devices  reliability 
increase  have  been  considered. 

Introduction. 

Reliability  problems  belong  to  the  most  important  problems  in 
thermoelectricity.  Thermoelectric  instruments  and  devices 
have  large  potentialities  for  high  reliability,  long-term  service 
life,  capability  of  functioning  under  the  extreme  conditions 
without  repair  and  maintenance.  This  provides  conditions  for 
thermoelectricity  application  in  many  prestigious  fields  of 
technique.  Among  diem  -  autonomous  supply  sources,  cooling 
devices,  measuring  instruments  of  space,  terrestrial,  naval  and 
submarine  purposes.  For  these  and  many  other  applications 
the  determination,  guarantee  and  prediction  of  reliability  are 
the  problems  of  paramount  importance. 

However,  the  works  on  reliability  problems  in  the  general 
scope  of  research  and  development  make  only  a  small  part, 
which  does  not  conform  to  the  importance  of  these  problems 
[1].  Only  the  simplest  methods  of  reliability  theory  have  been 
used  in  thermoelectricity  up  to  now.  The  generally  accepted 
system  of  reliability  parameters  and  characteristics  is 
practically  absent.  The  parameters  cited  by  the  manufacturers 
of  thermoelectric  products  are  frequently  of  advertising  nature 
and  prevent  the  users  from  obtaining  objective  information  on 
the  products  reliability. 

Thermoelectric  products  have  their  own  specific  nature,  and  it 
is  not  always  possible  to  use  directly,  without  proper 
adaptation,  the  positive  and  rich  experience  of  other 
engineering  fields,  for  example,  electronics,  for  solving  the 
reliability  problems  in  thermoelectricity. 

Hence,  the  relevance  of  development  of  such  methods  of 
objective  reliability  estimation,  guarantee  and  prediction 
which  would  consider  the  specific  nature  of  thermoelectricity. 
The  results  of  solving  these  problems  obtained  in  the  Institute 
of  Thermoelectricity  have  been  presented  in  the  report. 

The  existing  solutions  of  reliability  problems  in 
thermoelectricity. 

Probabilistic  reliability  models .  Compared  to  such  fields  as 
electronics  and  measuring  technique,  in  the  thermoelectricity 
there  have  been  used  up  to  now  only  the  simplest  methods  of 
the  theory  of  reliability  and  processing  of  statistical  material 
obtained  while  testing  and  use  [2-9].  The  so-called  “human¬ 
like”  version  of  failure  statistics  with  the  exponential  law  of 
sudden  failure  probability  and  normal  law  of  parameter 


the  equation 

m = e«( o + K,.n (o  -  (LV)r~* (o  <» 


where  Q(t)  is  failure  probability  during  the  time  t,  QJlfy  is 
sudden  failure  probability,  F( t)wear  is  wear  failure  probability. 
In  this  model 

Qac(t)  =  1  -  exp  (rt/MTBF)  (2) 

and  sudden  failures  are  described  by  the  sole  parameter  of 
MTBF  -  mean  time  between  failures. 

The  wear  failure  probability  is  described  by  a  normal  law 


where  p  is  any  of  the  operational  parameters,  f(p)  is  the 
function  of  parameter  p  probability  distribution,  ap  is  this 
parameter  dispersion.  Of  course,  this  description  of 
complicated  reliability  processes  is  very  simplified.  In  their 
prospects  and  catalogues  the  manufacturers  of  thermoelectric 
products  never  give  the  information  on  the  mathematical 
reliability  model  which  was  used  for  the  determination  of 
parameters  cited  in  these  prospects  and  catalogues.  One  can 
only  suppose  that  the  exponential  or  normal  model  was  most 
probably  used. 

Share  of  failed  products ,  % 


0.01  0.1  1  10 


Time  in  MTBF  units 

Fig.  1.  The  share  of  failed  products  as  a  function  of  time  in 
the  exponential  model. 

The  exponential  and  normal  models  become  more  and  more 
common  and  widely  used,  though  the  valid  reasons  for  their 
use  still  do  nor  exist.  A  vicious  circle  appears  when 
theoreticians  think  that  traditional  reliability  models  are  well 
substantiated  by  the  experimental  data  and  long-term  failure 
statistics  of  used  products  while  manufacturers  and  users 
think  that  these  models  and  all  their  consequences  result  from 
a  trustworthy  scientific  theory,  therefore  they  keep  processing 
new  statistical  data  based  on  the  same  unsubstantiated 
models.  The  readers  of  advertising  prospects  often  do  not 
even  suspect  that,  for  example,  in  the  exponential  model 
during  the  time  MTBF  63%  of  products  fail  and  are  trusting 
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enough  to  identify  the  MTBF  to  the  guaranteed  period  of 
product  service  (Fig.  1). 

The  existing  methods  of  parameter  calculation. 
Thermoelectric  instruments  and  devices  often  contain 
thermopiles  or  multi-element  thermoelectric  modules. 
Knowing  the  reliability  parameters  of  individual 
thermoelements  (or  their  legs),  it  seems  possible  based  on  the 
probability  theory  to  calculate  the  reliability  parameters  of  the 
whole  system. 

The  methods  of  these  calculations  have  been  described  in 
literature.  In  Ref.  [3]  various  variants  of  parallel-series 
connection  of  thermoelectric  system  components  have  been 
considered.  Among  them  there  are  the  cases  when  the 
components  connected  in  parallel  add  to  the  system 
reliability.  These  components  are  redundant  during  the  non- 
failure  product  operation.  But  when  one  of  the  components 
fails  they  can  partially  fulfill  the  functions  of  the  failed 
component.  Therefore,  component  failure  does  not  result  in 
the  failure  of  the  whole  system,  but  only  in  the  reduction  of  its 
operational  parameters.  If  this  reduction  is  less  than  the 
acceptable  standard,  the  whole  system  does  not  fail.  Similar 
circuits  serve  as  the  example  of  using  unreliable  elements  for 
the  construction  of  sufficiently  reliable  systems. 

These  calculations  are  based  on  a  number  of  simplifications. 
The  most  significant  assumption  is  that  of  the  Boolean  failure 
model.  It  means  that  the  component  under  consideration  can 
be  only  in  two  states  -  serviceable  and  switched  off  ones.  The 
Markovian  models  of  thermoelectric  product  failures  have  not 
been  described  yet.  The  second  simplification  is  the  use  in  the 
above  circuits  of  the  same  type  of  elements  with  respect  to 
their  reliability  and  functions.  Meanwhile  it  is  known  [11] 
that  the  use  of  at  least  two  types  of  active  and  passive 
components  for  reservation  can  reduce  the  product  cost  while 
increasing  its  reliability.  The  active  elements  here  fulfill  the 
basic  product  functions,  while  the  passive  elements  have  only 
one  function  -  to  by-pass  the  open  circuit  on  the  failed 
element.  Therefore,  the  passive  elements  can  be  manufactured 
in  the  form  of  rather  cheap  resistors. 

The  use  of  Arrhenius  law  [10] 

MT)  =  J"r0  exp(-  (4) 

is  not  substantiated  enough  for  the  processing  of  results  of 
accelerated  reliability  tests  at  elevated  temperatures.  Taking 
the  logarithm  of  dependence  (4),  where  X  is  failure  intensity, 
T  is  temperature,  Ea  is  activation  energy,  smoothes 
considerably  the  spread  in  experimental  points.  Small  errors 
in  the  determination  of  activation  energy  result  here  in 
considerable  mistakes. 

The  list  of  simplifications  and  shortcomings  could  be 
continued,  but  the  above  examples  are  enough  to  warn  against 
the  unwarranted  trust  to  these  methods. 

Developed  solutions  of  reliability  problems  of 
thermoelectricity. 

The  reliability  theory  developed  in  the  Institute  of 
Thermoelectricity  contains: 

•  physical  and  mathematical  reliability  models, 

•  analysis  of  the  laws  of  failure  probability  distribution, 


•  rational  system  of  reliability  parameters  and 
characteristics. 

There  have  been  also  developed: 

•  methods  of  calculation  of  reliability  parameters  and 
characteristics, 

•  determination  of  reliability  prediction  errors  according  to 
the  test  results  depending  on  the  number  of  tested 
products, 

•  methods  of  calculation  of  multi-element  thermoelectric 
device  reliability, 

•  methods  of  accelerated  reliability  tests. 

There  have  been  conducted 

•  tests  and  comparative  reliability  analysis  of  thermoelectric 
cooling  modules  produced  by  the  leading  manufactures  of 
modules. 

There  have  been  determined 

•  promising  ways  of  increasing  the  reliability  of 
thermoelectric  devices. 

Let  us  consider  the  basic  results  of  these  efforts. 

The  analysis  of  failure  distribution  laws.  The  analysis  of  the 
laws  of  thermoelectric  product  failure  probability  distribution 
is  based  on  the  statistics  of  long-term  tests  of  hundreds  and 
thousands  of  samples  carried  out  in  the  Institute.  Sample  lots 
of  various  manufacturers  were  tested  with  respect  to  mean 
time  to  failure,  keeping  quality,  durability  and  other  reliability 
parameters.  The  number  of  samples  in  each  lot  was 
determined  based  on  the  requirements  of  reliability  theory  so 
that  to  provide  the  accuracy  not  less  than  several  %  at 
confidence  probability  higher  than  90-95%. 

Samples  number 


Error,  % 

Fig.  2.  Necessaiy  samples  number  vs  estimation  error. 

It  has  been  established  that  for  sudden  failures  the  best 
approximations  are  given  not  by  the  exponential  law  (2),  but 
the  Weibull's  law 

R(t)-aXtaX  p(/H“);a,A>0 ,  (5) 

T  -  law 

R(t)  =  -^-t*'1  exp(Xt);a,X  >  0  (6) 

r(a) 

and  their  multi-parameter  generalizations. 

The  check  with  the  use  of  the  %2  chi-square  criterion  shows 
that  for  wear  processes  the  normal  distribution  law  (3)  is  a 
sufficiently  rough  approximation.  The  real  laws  of 
distribution  are  asymmetrical,  often  having  several 
maximums  instead  of  one.  Therefore,  to  describe  the  wear 
processes,  instead  of  normally  distributed  random  values  we 
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have  used  random  processes  which  to  a  high  degree  of 
accuracy  can  be  considered  stationary  and  ergodic. 

Rational  system  of  reliability  characteristics 
In  the  construction  of  the  system  of  reliability  characteristics 
we  started  from  the  fact  that  these  characteristics  must  give 
the  user  a  clear  and  unambiguous  idea  of  changing  product 
parameters  in  the  use  not  only  for  large  but  also  for  small  lots 
or  even  individual  unique  samples.  With  such  approach  one 
must  refuse  from  the  unsubstantiated  and  uncertain  numerical 
parameters,  such  as  MTBF  of  the  exponential  law  (2).  The 
reliability  must  be  characterized  not  by  the  parameter- 
number,  but  by  the  characteristic-function  of  time.  Thus,  for 
example,  for  thermoelectric  cooling  modules  this 
characteristics  can  be  maximum  temperature  difference  as 
function  of  time  (Fig.  3). 

A  Tt  K 


time ,  hours 

Fig.  3.  Example  of  dependencies  of  maximum  temperature 
difference  of  thermoelectric  cooling  modules  on  time. 

It  is  also  advisable  to  use  as  characteristics  the  functions  of 
the  type  “failure  quota  -  time”,  which  give  for  each  moment 
of  time  the  percentage  of  failed  goods  on  the  level  of 
confidence  reliability  assigned  by  the  user. 

Methods  of  calculation  of  multi-element  thermoelectric 


Fig.  4.  TEG  electrical  connection.  Diagram  1. 


Fast  computer  methods  of  calculating  multi-element 
thermoelectric  devices  have  been  developed  in  the  Institute  of 
Thermoelectricity.  These  methods  allow  to  calculate  the 
reliability  of  thermoelectric  devices  with  the  diagram  of  inner 
electrical  connections  of  practically  any  complexity.  An 
example  of  printing  out  the  results  of  computer  program  work 
is  given  in  Fig.  4.  and  5.  Fig.  4  illustrates  the  diagram  of 
electric  connections  of  thermoelectric  generator.  Fig.  5  is  a 
dependence  of  TEG  power  on  the  operation  time  for  seven 
variants  of  electrical  diagram  of  TEG.  Variant  1  corresponds 
to  the  scheme  of  Fig.  4,  variants  2-6  differ  in  the  methods  of 
parallel-series  connection  of  elements  in  block,  blocks  in 

section,  sections  in  TEG. 
rr(/>  t  =  220*’  c 


Fig.  5.  Time  dependence  of  thermoelectric  generator  output 
power. 

The  program  allows  to  take  into  account  any  types  of  TEG 
element  failures,  simulating  them  as  branching  Markovian 
stochastic  processes.  Design  and  optimization  of  device 
electrical  circuit  is  possible  not  only  for  any  number  of 
standard  sizes  of  structural  TEG  elements,  but  also  at  any 
restrictions  for  economicity,  dimensions  and  other 
parameters.  In  particular,  from  Fig.  5  it  is  seen  that  electric 
circuit  optimization  can  give  multiple  reliability  increase 
(variants  6-7). 

Test  results  and  comparative  reliability  analysis  of 
thermoelectric  cooling  modules  of  leading  manufacturers. 
Fig.  6  is  a  generalized  representation  of  the  results  of  testing 
thermoelectric  cooling  modules  of  a  number  of  world  leading 


Fig.  6.  Comparison  of  service  life  of  thermoelectric  cooling 
modules  by  various  manufacturers. 
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The  manufacturers  are  conventionally  denoted  by  the  letters 
A,  F,  M,  R,  C.  The  results  allow  objective  estimate  of  the 
difference  in  module  reliability.  Thus,  the  modules  of  A 
company  have  successfully  passed  a  set  of  tests  during  25  000 
hours  and  continue  to  work  today  under  test  conditions.  The 
worst  results  have  been  obtained  by  the  manufacturer  C, 
whose  all  modules  have  worked  not  more  than  2  500  hours  at 
the  temperature  120  °C.  The  manufacturers  F,  M,  R  give  the 
intermediate  values  of  service  life. 

Perspective  ways  of  reliability  increase. 

The  research  of  reliability  problems  carried  out  in  the 
Institute  of  Thermoelectricity  allows  to  assert  that  the 
indispensable  condition  of  reliability  increase  is  the 
availability  of  valid  information  on  the  failure  statistics. 

It  allows  to  analyze  and  discover  physical,  technological  and 
design  factors  of  reliability  reduction,  to  eliminate  or 
minimize  the  influence  of  these  factors. 

Based  on  the  statistical  material  accumulated  in  the  Institute 
of  Thermoelectricity,  the  following  perspective  directions  can 
be  indicated: 

•  reliability  increase  of  thermoelectric  device  components, 
first  of  all,  on  the  lowest  structural  levels-  the  reliability  of 
legs,  thermoelements,  thermal  and  electrical  contacts. 

•  introduction  of  reserving  elements 

•  when  necessary,  radical  change  of  design  and  principles  of 
individual  device  parts  and  device  on  the  whole. 

•  optimization  of  structure  and  technology  of  thermoelectric 
product  to  obtain  the  best  reliability  in  combination  with 
other  technical  parameters  by  optimal  control  methods. 
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ABSTRACT 

Thermionic  emission  in  heterostructures  is 
investigated  for  integrated  cooling  of  high  power  electronic  and 
optoelectronic  devices.  This  evaporative  cooling  is  achieved 
by  selective  emission  of  hot  electrons  over  a  barrier  layer  from 
the  cathode  to  the  anode.  As  the  energy  distribution  of  emitted 
electrons  is  almost  exclusively  on  one  side  of  Fermi  energy, 
upon  the  current  flow,  strong  carder-carrier  and  carrier-lattice 
scatterings  tend  to  restore  the  quasi  equilibrium  Fermi 
distribution  in  the  cathode  by  absorbing  energy  from  the 
lattice,  and  thus  cooling  the  emitter  junction.  An  analytic 
expression  for  the  optimum  barrier  thickness  is  derived.  It 
describes  the  interplay  between  Joule  heating  in  the  barrier  and 
heat  conduction  from  the  hot  to  the  cold  junction.  It  is  shown 
that  by  choosing  a  barrier  material  with  high  electron  mobility 
and  low  thermal  conductivity  it  is  possible  to  cool  electronic 
devices  by  5  to  40  degrees  in  a  wide  range  of  temperatures. 

INTRODUCTION 

Thermoelectric  (TE)  coolers  are  important 
elements  of  many  systems.  TE  coolers  are  used  in  most 
semiconductor  laser  modules  because  of  the  need  to  stabilize 
their  characteristics  (such  as  threshold,  power  output,  and 
wavelength).  TE  coolers  are  essential  in  many  infrared 
detectors  applications  because  the  sensitivity  of  the  imaging 
array  is  much  higher  at  low  temperatures.  TE  coolers  will 
become  essential  for  many  elements  of  modem  optical 
telecommunications  because  the  channel  spacing  of 
wavelength  division  multiplexed  signals  are  quite  close 
together  (100  GHz  or  0.5%  of  the  optical  frequency),  and  this 
wavelength  will  be  used  for  many  switching  and  routing 
elements.  Consequently,  we  must  stabilize  not  only  the 
wavelength  of  the  laser  source,  but  also  the  wavelength  of 
passive  switching  elements,  tunable  wavelength  shifters  and 
tunable  receivers.  In  these  cases  the  degree  of  cooling  and  the 
amount  of  the  cooling  power  are  not  large,  but  the  cost  must 
be  low.  Since  the  conventional  TE  cooling  devices  based  on 
BiTe  or  PbTe  are  not  fabricated  using  integrated  circuit 
technology  [1],  they  can  not  be  easily  integrated  with  EH-V  or 
E-VI  optoelectronic  devices.  This  will  increase  the  cost  for 
packaging  individual  modules. 

Recently,  quantum  wells,  wires  and  superlattices  have  been 
extensively  studied  for  thermoelectric  cooling  applications  [2- 
5].  Modifying  parameters  such  as  electronic  density  of  states 
and  various  relaxation  time  mechanisms,  it  is  possible  to  alter 
electrical  conductivity  (a)  and  Seebeck  coefficient  (S)  of  the 
material  and  thus  increase  the  thermoelectric  figure  of  merit 
ZT  =  S2cT/p,  where  p  is  the  thermal  conductivity.  There 
have  also  been  studies  aiming  to  reduce  the  thermal 


conductivity  by  increasing  phonon  scattering  at  interfaces  in 
superlattice  structures.  Heterostructures  can  modify  electronic 
transport  properties  beyond  linear  regime  where  the  concepts 
of  electrical  conductivity  and  Seebeck  coefficient  are  usually 
defined  [6].  Using  the  analogy  with  thermionic  power 
generation  by  vacuum  diodes,  one  can  design  new 
heterostructure  devices  (Fig.  1)  with  high  cooling  power 
densities.  More  importantly,  this  will  allow  the  use  of 
conventional  semiconductor  materials  for  fabrication  of 
cooling  devices  integrated  with  high  power  electronic  and 
optoelectronic  components.  In  the  following,  we  will  first 
review  electrical  power  generation  by  vacuum  diodes,  and  then 
look  at  the  prospects  of  heterostructures  for  thermionic 
cooling.  A  simplified  model  which  take  into  account  main 
energy  balance  mechanisms  is  introduced  [6].  It  will  be  seen 
that  a  net  cooling  is  achieved  only  for  short  devices  (0.5-5 
pm).  In  order  to  investigate  accurately  nonisothermal 
transport  in  these  length  scales,  more  elaborated  Monte  Carlo 
simulations  are  needed  [7].  However,  the  simplified  equations 
can  give  analytical  expressions  for  the  optimum  device  length 
and  the  maximum  cooling  temperature,  which  can  be  used  for 
an  initial  evaluation  of  different  material  systems. 

THERMIONIC  POWER  GENERATION 

In  the  middle  of  fifties,  when  vacuum  diodes  and 
triodes  were  tested  and  analyzed,  serious  investigation  of 
thermionic  energy  conversion  began  [8].  The  idea  is  that  a 
high  work  function  cathode  in  contact  with  a  heat  source  will 
emit  electrons,  a  process  which  is  called  thermionic  emission . 
These  electrons  are  absorbed  by  a  cold,  low  work  function 
anode,  and  they  can  flow  back  to  the  cathode  through  an 
external  load  where  they  do  useful  work. 


Fig.l  Conduction  band  diagram  of  a  Heterostructure 
Integrated  Thermionic  (HIT)  cooler  at  thermal  equilibrium  and 
under  an  applied  bias. 
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T=300K 


T=100K 


Fig. 2  Thermionic  cooling  power  as  a  function  of  current  for  different  values  of  electron  effective  mass  at  (a)  T  300K,  (b) 
T=100K.  The  dashed  curve  corresponds  to  thermoelectric  cooling  power  for  a  typical  Bi2Te3  material. 


Practical  thermionic  generators  are  limited  by  the  work 
function  of  available  metals  or  other  materials  which  are  used 
for  cathodes.  Another  important  limitation  is  the  space  charge 
effect .  The  presence  of  charged  electrons  in  the  space  between 
cathode  and  anode  will  create  an  extra  potential  barrier,  which 
reduces  the  thermionic  current.  Various  means  of  reducing 
this  space  charge  effect  were  proposed  to  improve  the 
efficiency  of  thermionic  generators,  such  as  close-spacing  of 
cathode  and  anode,  or  the  use  of  a  third  positive  electrode  to 
counteract  space  charge.  A  major  advance  in  the  field  occurred 
in  1957  when  the  introduction  of  positive  ions  (cesium  vapor) 
in  the  inter-electrode  space  eliminated  the  need  for  close 
spacing  and  resulted  in  substantial  improvement  of 
performance. 

The  materials  currently  used  for  cathodes  have  work  functions 
>  0.7  eV,  this  limits  the  generator  applications  to  high 
temperatures  >500K.  Recently,  Mahan  have  proposed  these 
vacuum  diodes  for  thermionic  refrigeration  [9].  Basically,  the 
same  vacuum  diodes  which  are  used  for  generators,  under  an 
applied  bias  will  work  as  a  cooler  on  the  cathode  side  and 
heater  on  the  anode  side.  Mahan  predicted  efficiencies  over 
80%  of  the  Carnot  value,  but  still  these  refrigerators  only 
work  at  high  temperatures  ( >500K ). 


semiconductor  material.  The  price  for  this  flexibility  is  the 
large  coefficient  of  barrier  thermal  conductivity  (comparing  to 
vacuum!).  One  could  selectively  remove  this  barrier  material 
and  recover  the  old  vacuum  thermionic  generator  but  with 
extremely  small  and  precise  cathode-anode  separation.  In  the 
following  we  will  only  consider  thermionic  cooling  with 
semiconductor  barriers.  Because  of  the  large  backwards  heat 
flux,  these  devices  are  not  very  efficient.  We  will  see  that  it  is 
still  possible  to  pump  heat  at  rates  of  100s  of  W/cm2  and 
maintain  a  steady  state  temperature  gradients  and  cool  the 
emitter  junction  by  as  much  as  30-40  degrees.  Cascading 
these  devices  in  series  and  distributing  the  temperature  gradient 
over  longer  distances  might  be  used  to  increase  the  efficiency. 


ENERGY  BALANCE  EQUATION 

Assuming  Richardson's  expression  for  thermionic 
current,  and  Bethe  criterion  for  voltage  drop  over  the  barrier, 
one  can  derive  the  following  energy  balance  equation  [6]: 


Qti 


r<t,cd,TC)+^ky 


HIT  COOLING 

The  precise  control  of  layer  thickness  and 
composition  using  various  epitaxial  growth  techniques,  allow 
the  design  of  heterostructure  devices  with  barrier  heights  in  a 
wide  range  of  0  to  0.4  eV  (Fig.l).  Close  and  uniform  spacing 
of  cathode  and  anode  is  not  a  problem  anymore  and  is  achieved 
with  atomic  resolution.  The  problem  of  space  charge  can  be 
controlled  by  modulation  doping  or  bandgap  engineering  in  the 
barrier  region.  One  could  use  appropriate  band  offsets  in 
conduction  or  valence  band  by  choosing  n  or  p  type 


where  <|>c  is  the  cold  side  barrier  height.  It  can  be  expressed  as 
a  function  of  the  current  as  follows: 


<t>c(I,Tc) 


KiTc 

e 


*  j  2rp2\ 

em  kR  Tc 
27rV  ; 


-ln(7) 


Here,  Tc  is  the  cold  side  temperature,  m*  the  minimum  of 
electron  effective  mass  in  the  emitter  and  barrier  regions,  X  and 
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P  are  respectively  electron  mean-free-path  in  the  barrier  and  its 
thermal  conductivity,  and  d  is  the  barrier  thickness. 

Fig  2a  and  2b  display  the  thermionic  cooling  power  (the  first 
term  in  the  energy  balance  equation)  for  two  different 
temperatures  300K  and  100K.  The  only  material  parameter  is 
the  electron  effective  mass  which  strongly  affects  the  cooling 
performance  by  changing  the  density  of  "supply"  electrons  at 
the  cathode  or  the  density  of  available  states  in  the  barrier. 
For  comparison  a  typical  thermoelectric  cooling  term  is  also 
shown  in  the  figure  (Qth=STcI,  S-200  (iV/K  for  Bi2Te3  at 
room  temperature).  One  should  note  that  the  expression  for 
thermoelectric  cooling  is  derived  in  linear  transport  regime  and 
it  is  expected  to  hold  for  low  and  moderate  current  densities. 
The  reduction  of  the  cooling  power  at  low  temperatures  is 
similar  to  thermoelectric  case.  This  is  a  direct  consequence  of 


Fermi-Dirac  distribution  function,  as  the  energy  spread  of 
electrons  within  the  Fermi  window  is  reduced. 

Now  if  we  look  at  the  net  thermionic  cooling,  we  see  that 
there  is  an  optimum  barrier  thickness  which  balances  Joule 
heating  in  the  barrier  and  heat  conduction  form  the  hot  to  the 
cold  junction.  The  maximum  cooling  temperature  (AT)  can 
thus  be  calculated: 


AT™  =  Tc 


1 

1  XkB 

1  + - 

(e<t>cU,Tc)  ^ 
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2efi 
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Fig.3  Maximum  Cooling  temperature  as  a  function  of  current  for  different  values  of  the  electron  effective  mass. 


Fig.4  The  optimum  barrier  thickness  as  a  function  of  current  for  different  values  of  the  electron  effective  mass. 
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Fig.5  Effect  of  various  material  parameters  on  maximum  cooling  temperature. 


ATmax  at  two  different  temperatures  300K  and  100K  is  shown 
in  Fig.  3a  and  3b.  The  corresponding  dopl  is  displayed  in  Fig. 
4a  and  4b.  The  electron  mean  free  path  is  taken  to  be  0.2  |xm 
(2  pm)  at  300K  (100K),  and  a  barrier  thermal  conductivity  of 
1  W/mk  is  assumed.  One  can  see  that  cooling  by  10-40 
degrees  (5-20  degrees)  with  a  barrier  thickness  of  ~0.4  microns 
(2  microns)  is  possible  at  300K  (100K).  The  required  current 
densities  are  very  high  (104-105  A/cm2),  but  this  should  not  be 
a  problem.  The  cooling  area  needed  for  an  individual  device  is 
quite  small  and  these  level  of  currents  are  routinely  achieved  in 
various  microelectronic  devices  (heterostructure  bipolar 
transistors,  lasers,  etc.). 

The  thermionic  cooling  power  density  ((<|)c+kBTc/e)I)  is 
derived  assuming  Boltzmann  distribution  of  carriers  at  the 
cathode  junction.  At  high  current  densities  the  required 
cathode  barrier  height  is  small  (on  the  order  of  kBT),  so  this 
assumption  is  not  valid  anymore.  In  order  to  estimate  more 
accurately  the  cooling  power  one  should  use  the  Fermi-Dirac 
distribution  function,  but  we  don’t  expect  too  much  deviation 
from  the  above  expression  for  ATmax.  In  fact,  Boltzmann 
distribution  over  estimates  the  Joule  heating  term  more  than 
the  thermionic  cooling  term.  Electrons  near  the  Fermi  energy 
have  a  small  contribution  to  the  heat  flux  while  their 
contribution  to  the  current  is  identical  to  the  high  energy 
electrons  (they  both  carry  the  same  charge  e!). 

In  order  to  study  the  importance  of  various  material 
parameters,  Fig.  5a  (5b)  shows  the  maximum  cooling 
temperature  as  a  function  of  the  electron  effective  mass  at 
300K  (100K).  Different  curves  correspond  to  different  electron 
mean  free  paths  and  barrier  thermal  conductivities.  To 
improve  the  cooling  performance,  instead  of  maximizing  Z 
(=S2a/p)  in  a  regular  thermoelectric  material,  here  one  has  to 
maximize  A,[ln(m7m0)]2/p. 


An  important  characteristic  of  HIT  coolers  is  the  very  small 
thickness  of  the  barrier  region  on  the  order  of  microns.  The 
large  amount  of  heat  conduction  from  the  hot  to  the  cold  side 
is  one  of  the  main  reasons  for  low  efficiency.  One  possible 
remedy  is  to  modify  the  device  structure  so  that  the  electrons 
at  the  anode  junction  lose  their  energy  by  e.g.  emitting 
photons  rather  than  heating  the  lattice.  Two  possible 
schemes:  intersubband  [10]  and  interband  light  emitting 
devices  are  shown  in  Fig.  6.  This  concept  of  a  heat  pump 
without  a  hot  side  would  seem  to  violate  the  second  law  of 
thermodynamics  by  reducing  the  total  entropy.  But,  in  fact, 
the  amount  of  entropy  reduction  by  cooling  at  the  cathode 
junction,  can  be  compensated  by  entropy  generation  at  the 
anode  side  by  emitting  incoherent  or  partially  coherent  light. 

(a) 


J  E, 


Fig, 6  An  intersubband  (a)  (interband  (b))  light  emitting 
thermionic  cooler. 
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To  realize  light  emitting  devices  with  a  net  cooling  power, 
further  investigation  of  the  required  radiative  efficiencies,  and 
the  optimum  device  design  are  needed. 

In  conclusion,  single  stage  heterostructure  integrated 
thermionic  coolers  are  studied  at  different  temperatures,  using  a 
simplified  energy  balance  model.  Analytic  expressions  for  the 
optimum  device  thickness  and  the  maximum  cooling 
temperature  are  given,  and  important  material  parameters  are 
identified. 
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Abstract 

Due  to  the  combined  increase  in  circuit  integration  and  chip 
power  dissipation,  there  is  a  rapidly  growing  demand  for 
solving  the  thermal  management  issues  of  power 
microelectronics.  We  are  pursuing  a  novel  thermal 
management  approach  that  actively  cools  only  the  key  high 
power  devices  by  using  a  novel  thermoelectric  microcooler 
located  under  each  of  these  power  devices.  In  this  way  the 
device  can  operate  at  temperatures  at  or  even  below  the 
ambient  temperature  of  the  heat  sink,  resulting  in  increased 
reliability  and  efficiency.  To  successfully  handle  the  high 
heat  flux  densities  generated  at  the  back  of  the  power  chips,  a 
microcooler  with  thin  legs  and  low  thermal  resistance  at  the 
interfaces  must  be  built.  We  are  currently  developing  a 
thermoelectric  microcooler  combining  thick  films  of  Bi2Te3- 
based  alloys  and  very  high  thermal  conductivity  substrates, 
such  as  CVD  diamond  or  AIN. 

Electrochemical  deposition  is  a  very  attractive  process  for 
depositing  thick  films  of  compound  semiconductors  on  metallic 
surfaces.  This  paper  presents  recent  results  on  the  deposition 
of  Bi2Te3  and  related  ternary  solid  solutions  on  a  variety  of 
metallic  substrates.  We  also  report  on  the  development  of  Cu 
diffusion  barriers  for  Bi2Te3  and  stable  metallizations  and 
diffusion  barriers  for  diamond  and  AIN  substrates. 

Introduction 

The  demand  for  increased  processing  speeds  of  integrated 
circuits,  computers  and  other  electronic  systems  requires 
higher  power  levels  and  a  higher  packaging  density.  The 
designing  of  microprocessors  with  faster  clock  rates  call  for 
faster  logic,  which  necessitates  more  power,  while  an  increase 
in  the  functional  density  of  processors  also  results  in  a  larger 
power  requirement.  In  addition  the  growing  digitalization  and 
miniaturization  of  portable  civilian  and  military  electronic 
equipment  necessitates  ever  increasing  levels  of  integration 
between  electronics,  power  sources  and  thermal  control. 
Combined,  these  requirements  result  in  very  high  power 
densities  and  thermal  problems,  which  limits  integration  of 
devices  and  components. 

At  the  chip  level,  the  highest  performance  can  be  obtained  if 
the  junction  temperature  can  be  maintained  at  a  tolerable 
level.  Ideally,  a  reduced  temperature  and  a  closely  controlled 
thermal  environment  is  needed.  Already,  many  high  power 
electronic  devices,  such  as  power  amplifiers  and 
microprocessors,  operate  at  high  temperatures  close  to  or  at 
the  edge  of  their  reliability,  which  can  severely  impact 
performance  and  operating  lifetime.  Next  generation  power 
electronic  chips,  such  as  solid  state  power  amplifiers,  used  for 


microwave  applications,  will  have  much  higher  power  levels, 
with  thermal  power  dissipation  requirements  increasing  from 
5  W  to  30  W  within  a  few  years  [1].  That  increase  will 
multiply  the  heat  flux  that  has  to  be  removed,  from 
approximately  30  W/cm2  to  several  hundreds  W/cm2.  This 
higher  heat  flux  density  will  result  in  a  major  thermal 
management  problem  that  will  have  to  be  addressed  using 
novel  techniques.  This  is  illustrated  in  Figure  1,  which  shows 
preliminary  results  from  a  thermal  model  of  a  next  generation 
20W  GaN-based  power  amplifier  with  a  1.5x1. 5  mm2 
footprint  of  which  only  250x250  pm2  is  constituted  by  the 
electronic  active  layer.  The  very  high  heat  flux  densities  in 
the  immediate  vicinity  of  the  active  layers  (over  16000 
W/cm2)  lead  to  an  estimated  75-1 10°C  temperature  difference 
with  respect  to  the  back  of  the  SiC  substrate  which  still 
presents  heat  flux  densities  on  the  order  of  100  W/cm2. 


Heat  Flux  out  Bottom  of  SiC  Substrate  of  GaN  Power  FET 


Figure  1:  Heat  flux  profile  for  a  20W  GaN  FET  using  a  5  pm 
GaN  buffer  layer  on  top  of  a  self-standing  100  pm  SiC 
substrate,  assuming  steady  state  operation. 

Conventional  thermal  management  techniques  are  not  well 
suited  to  the  specific  problem  of  cooling  discrete  or  localized 
heat  dissipating  devices  since  they  generally  cool  the  whole 
board.  Moreover  these  techniques  have  difficulty  dealing 
with  the  large  heat  fluxes  associated  with  the  high  density 
packaging  of  power  devices.  The  specific  problem  of  spot 
cooling  of  power  devices  can  be  very  effectively  solved  by 
using  a  combination  of  diamond  substrates  and  a 
thermoelectric  microcooler.  The  highest  power  components 
would  be  mounted  directly  on  a  diamond  substrate  (ideally 
the  top  substrate  of  the  cooler)  allowing  the  cooler/diamond 
combination  to  maintain  the  temperature  of  the  device  from  a 
few  degrees  to  tens  of  degrees  below  that  of  the  substrate  on 
which  the  cooler  is  mounted  (diamond  or  any  other  high 
thermal  conductivity  material  such  as  AIN)  and  thermally 
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connected  to  the  heat  sink.  The  cold  side  diamond  substrate 
will  allow  “thermal  lensing”  or  spreading  of  the  heat  load  as 
uniformly  as  possible  onto  a  larger  surface  (for  example  such 
as  a  10x10  mm2  surface  from  the  initial  1.5x1. 5  mm2  chip 
footprint).  This  will  reduce  the  heat  flux  density  to  be  cooled 
by  the  thermoelectric  device  from  thousands  of  W/cm2  to  a 
more  manageable  100-150  W/cm2.  The  thermoelectric 
microcooler  will  then  offset  part  of  the  temperature  gradient 
across  the  chip  substrate  and  allow  the  device  to  continuously 
operate  at  a  low  enough  temperature  to  increase  both 
reliability  and  clockspeed. 

The  main  disadvantage  of  using  thermoelectric  coolers  is  the 
rejection  of  additional  heat  due  to  their  low  coefficients  of 
performance  (COP)  at  large  temperature  gradients.  This 
additional  heat  has  to  be  removed  from  the  heat  sink  so  an 
additional  cooling  technique  is  needed,  such  as  a  high  thermal 
conductivity  substrate,  a  heat  pipe,  microchannels  or  spray 
cooling  [2-4].  The  COP  obviously  varies  over  a  large  range 
depending  on  the  temperature  difference  required,  the  thermal 
conductivity  of  the  substrates  and  the  thermal  gradient.  The 
cooling  power  density  of  state-of-the-art  (SOA)  bulk  coolers 
is  limited,  which  is  why  it  is  necessary  to  increase 
miniaturization  in  the  cases  of  large  heat  fluxes. 

Thick  Film  Microcoolers 

The  main  benefit  of  going  to  thick  film  coolers  is  the  dramatic 
increase  in  cooling  power  density  which  is  inversely 
proportional  to  the  length  of  the  thermoelectric  legs. 
Preliminary  estimates  have  shown  that  heat  flux  densities  up 
to  several  hundred  W/cm2  can  now  be  removed  with  thick 
film  coolers,  with  cooler  leg  lengths  on  the  order  of  10  to  50 
pm. 


Fig.  2:  Cooling  power  densities  as  a  function  of  the 
temperature  gradient  across  the  thermoelectric  device  for 
three  different  kinds  of  coolers. 


Figure  2  shows  the  cooling  power  density  comparisons  for  a 
SOA  commercial  cooler  with  2mm  legs,  for  a  bulk  micro¬ 
cooler  with  200pm  legs,  and  for  a  thick  film  cooler  with 
20pm  legs.  These  curves  are  for  a  hot  side  temperature  of 
330K  and  maximum  cooling  power  operation.  As  can  be  seen 


from  the  figure,  the  cooling  power  density  of  the  diamond 
substrates/thick  film  cooler  combination  is  approximately  two 
orders  of  magnitude  greater  than  that  for  the  SOA  current 
cooler  and  one  order  of  magnitude  greater  than  that  for  the 
bulk  micro-cooler.  The  reason  to  go  to  thick  film  coolers  is 
thus  very  obvious. 

Device  considerations 

However,  considerable  development  work  is  still  needed 
before  thick  film  coolers  are  ready  to  be  used.  The  limiting 
factors  for  microcoolers  are  the  magnitudes  of  the  electrical 
and  thermal  contact  resistances.  The  contribution  of  these 
resistances  become  important  parameters  as  the 
thermoelement  length  becomes  smaller.  They  degrade  the 
performance  of  the  thermoelectric  microcooler  by  decreasing 
the  maximum  COP,  the  maximum  cooling  capacity  and  the 
maximum  temperature  difference  that  can  be  achieved. 

For  resolving  the  thermal  issues,  the  use  of  substrates  such  as 
AIN  or  diamond  (thermal  conductivity  respectively  one  and 
two  orders  of  magnitude  higher  than  alumina,  see  Table  1)  is 
necessary  so  that  as  small  a  AT  as  possible  is  dropped  across 
the  substrate.  Assuming  a  uniform  heat  load  on  the  cold  side 
substrate,  the  performance  of  alumina  based  coolers  was 
calculated  and  plotted  in  Figure  2.  For  the  20  pm  cooler,  the 
temperature  gradient  “lost”  across  alumina  substrates  ranges 
from  12  to  25°C,  depending  on  the  heat  load.  Moreover,  if 
one  considers  a  real  case  power  chip  with  a  much  smaller 
footprint  than  the  top  cooler  substrate,  even  larger  additional 
temperature  gradients  will  appear  in  the  plane  of  the  substrate 
(poor  heat  spreading).  This  will  result  in  unacceptable 
operating  temperatures  for  the  power  device  being  “cooled” 
(in  some  cases  temperatures  might  even  be  higher  with  the 
alumina  based  cooler  than  without  it). 

For  miniaturized  thermoelectric  devices  comprised  of 
thousands  of  thermoelements,  electrical  contact  resistances 
can  become  a  very  large  fraction  of  the  total  internal 
resistance.  The  degradation  in  performance  for  high  electrical 
contact  resistance  values  is  illustrated  in  Figure  3.  Low 
contact  resistances  (close  to  lxlO'6  Q.cm2)  can  relatively 
easily  be  obtained  using  thin  film  processing  technology 
developed  for  electronic  semiconductors  [5]. 

Table  1 :  Electrical  resistivity  (p  in  10~8  Q.cm),  thermal 
conductivity  (X  in  W/mK)  and  thermal  expansion  coefficient 
(a  in  10'6  K)  at  300K  of  elements  and  compounds  for 
thermoelectric  microcoolers. 


Diamond 

AIN 

A1A 

Ni 

Pt 

Cu 

Bi2Te3 

p 

6.84 

9.85 

1.68 

1000 

X 

-1800 

-180 

20 

91 

72 

400 

1 

a 

1.5 

4.4 

7.1 

13.3 

9.1 

16.4 

12.9 

In  addition  to  the  thermal  and  electrical  contact  resistances, 
other  issues  such  as  heat  losses,  mechanical  strength  and 
stress  analysis  must  be  considered.  The  low  thermal 
expansion  coefficient  of  diamond  is  of  particular  concern  (see 
Table  1)  to  the  ruggedness  of  thermoelectric  microdevices. 
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and  where  appropriate  from  a  thermal  and  cost  aspect,  AIN 
offer  a  better  match  to  Cu  and  Bi2Te3. 


Figure.  3:  Cooling  power  densities  as  a  function  of  the 
thermoelement  length  and  for  increasing  electrical  contact 
resistances  at  the  thermoelement/Cu  electrode  interface. 
Calculations  performed  for  diamond-based  microcoolers 
operating  across  a  temperature  gradient  of  10°C. 

Microcooler  fabrication 

Areas  under  development  at  JPL  are  the  deposition  and 
characterization  of  Bi2Te3-based  thick  films,  bonding  of 
metallized  diamond  or  AIN  substrates  to  the  thermoelectric 
films,  and  the  patterning,  etching,  bonding  and  testing  of  the 
cooler.  Figure  4  shows  the  proposed  schematic  for  the 
metallizations  and  bonding  scheme  for  the  diamond  and  the 
thick  film  thermoelectric  material. 


Power  chip 

i 

Cold  side  of  microcooler 


Diamond  or  AIN  heat  conducting  substrata 


Substrate 

metallization 


diffusion  barrier 


Cu  electrode  layer 


i 

Heat  sink 


Figure  4:  Schematic  of  a  thick  film  thermoelectric  cooling 
device  with  diamond  or  AIN  substrates. 


The  scheme,  similar  to  that  for  traditional  bulk  thermoelectric 
modules,  involves  many  layers,  including  metallization  to  the 
high  thermal  conductivity  substrate,  diffusion  barrier,  Cu 
electrode,  Cu  diffusion  barrier,  contact  layer  and  Bi2Te3  alloy 
film.  Except  for  the  Cu  electrode  and  the  thick  thermoelectric 
film,  all  other  metallic  layers  are  of  submicron  thickness. 

Thermoelectric  Thick  Films 

A  promising  route  for  thick  film  preparation  is  electrochemical 
deposition  (ECD)  from  aqueous  solution.  This  is  a  fairly  well 
known  technique  for  the  deposition  of  II-VI  semiconductors 
such  as  CdSe,  CdTe  CdSe05Te05  and  CdSe065Te035  [6,7].  In  this 
technique  the  elements  are  deposited  on  an  electrode  using  an 
aqueous  solution  of  anions  or  anionic  compounds.  The 
advantage  of  this  approach  to  the  fabrication  of  films  is  that  it  is 
an  inexpensive  way  to  make  films  and,  depending  on  the 
current  density  used  in  deposition,  the  deposition  rate  can  be 
varied  widely.  Thick  films  can  be  difficult  and  time  consuming 
to  make  using  vacuum  techniques  such  as  sputtering  or 
evaporation,  but  films  several  tens  of  microns  thick  can  be 
made  in  a  few  hours  using  electrochemical  deposition.  In 
addition,  slight  variations  in  the  deposition  potential  or  solution 
concentration  may  possibly  be  used  to  induce  off-stoichiometric 
films,  thus  providing  p-  or  n-type  doping  through  stoichiometric 
deviation.  The  preparation  of  thermoelectric  material  films  by 
electrodeposition  has  been  investigated  very  little  [8,9]  and  the 
methods  used  in  making  the  II-VI  alloys  must  be  adapted  to  the 
electrodeposition  of  thin  films  with  p-type  and  n-type  Bi2_ 
xSbxTe3_ySey,  compositions  which  are  optimal  for  thermoelectric 
cooling  applications.  An  additional  advantage  of  this  approach 
to  the  fabrication  of  thin  film  thermoelectric  coolers  is  that 
some  of  the  contact  layers  necessary  to  the  fabrication  of  the 
cooling  device,  such  as  Cu  for  the  electrical  path  or  Ni  or  Pt  for 
the  Cu  diffusion  barrier  can  also  be  deposited  by  using  a 
different  aqueous  solution. 

Bismuth  and  tellurium  metals  dissolve  in  HN03  to  make  the 
oxide  anions  BiO+  and  HTe02+.  Bi2Te3  is  insoluble  in  dilute 
HN03,  so  reduction  of  HTe02+  to  Te2'  at  an  electrode  will  result 
in  the  precipitation  of  Bi2Te3  on  the  electrode  surface.  The 
overall  reaction  for  the  process  is: 

13H+  +  18e"  +  2BiO+  +  3HTe02+  Bi2Te3^  +  8H20 

Figure  5  shows  the  current-voltage  behavior  of  an  aqueous 
solution  of  7x1 0‘3  M  BiCf  and  1.0x1  O'2  M  HTe02+  in  1  M 
HN03.  The  reduction  regions  for  each  of  these  compounds 
overlie  each  other  in  the  range  -0.05  to  -0.2  V  versus  a  standard 
calomel  electrode.  BiO+  is  reduced  to  Bi°  around  -0.1  V.  It  is 
possible  to  co-deposit  Bi2Te3  within  this  voltage  range,  probably 
more  effectively  in  the  range  0  to  -6.1  V  than  within  the  region 
of  the  reduction  wave  for  BiO+.  Preliminary  studies  have 
shown  that  variation  in  grain  size  and  composition  of  the  films 
can  be  introduced  by  changing  the  potential  at  which  the 
deposition  is  carried  out  toward  0  V,  as  well  as  by  changing  the 
concentration  of  ions  in  solution. 
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Voltammograms  of  Bismuth  and  Tellurium  on  Platinum 


Figure  5:  Current- Voltage  graph  for  the  electrochemical 
deposition  of  Bi  and  Te  on  a  Pt  substrate  using  a  nitrate 
aqueous  solution.  (SCE  is  for  standard  calomel  electrode) 

Other  parameters  controlling  the  quality,  composition  and 
properties  of  the  Bi2Te3  films  grown  by  ECD  are:  temperature, 
Bi  and  Te  molar  concentrations  in  the  HN03  solution, 
deposition  time,  substrate  surface  finish  and  geometry,  active 
stirring  of  the  bath,  volume  of  the  bath,  distance  between 
counter  and  deposition  electrodes,  and  characteristics  of  the 
reference  electrode.  Such  a  large  number  of  parameters  means 
that  many  experiments  (several  thousand)  must  be  run  to 
determine  the  best  experimental  parameter  values.  We  are 
currently  developing  a  combination  of  statistical  tools  based 
on  orthogonal  arrays  of  control  parameter  values  to  optimize 
this  deposition  process  and  determine  in  a  small  number  of 
experiments  the  best  conditions  for  depositing  high  quality 
Bi2Te3-based  films  with  good  thermoelectric  properties. 

Initial  deposition  runs  on  Pt-coated  substrates  have  shown  that 
thick  near-stoichiometric  Bi2Te3  films  could  be  grown  from  a 
0.75xl0'2  M/1  [Bi]  and  l.OxlO'2  M/1  [Te]  concentrations.  The 
thickness  of  the  films  measured  with  a  profilometer  ranged 
from  10  to  60  pm  and  the  composition  of  the  films  was  very 
close  to  the  40/60  at%  ratio,  as  determined  from  electron 
microprobe  analysis.  In  addition,  back-scattering  electron 
analysis  indicated  that  films  grown  at  low  deposition  voltages 
had  very  smooth  top  surfaces  (less  than  1  pm  of  roughness). 
The  growth  rates  ranged  from  10  to  20  pm/hour  depending  on 
the  deposition  voltage. 

Measurements  of  the  electrical  transport  properties  has  been 
conducted  on  some  of  the  deposited  films.  Van  der  Pauw 
electrical  resistivity  and  Hall  effect  were  measured  in  the 
plane  of  the  deposited  films  (after  removal  from  the 
metallized  substrates),  and  the  Seebeck  coefficient  was 
measured  in  a  cross-plane  direction.  Our  results  show  heavily 
doped  n-type  behavior  and  are  similar  to  those  obtained 
previously  by  [9]  except  that  we  have  achieved  lower  electron 
concentrations  (~  lxl O20  cm'3)  and  higher  Hall  mobility 
values  (~  26  cm2/Vs).  Seebeck  coefficient  values  range  from 
-50  pV/K  to  over  -100  pV/K  near  room  temperature.  We  are 
now  working  on  optimizing  the  properties  for  n-type  films  as 
well  as  studying  the  possibility  of  achieving  p-type 
conductivity.  Recent  experiments  on  ternary  compositions 
demonstrated  that  Bi2Te3.xSex  (0<x<0.1)  and  Bi2_ySbyTe3 


(1.5<y<2)  films  could  also  be  obtained  by  ECD.  Detailed 
experimental  results  will  be  published  later  [10]. 

Cu  Diffusion  Barrier 

For  the  multilayer  stack,  Cu  will  be  used  for  the  electrical 
path  (electrode)  of  the  thermoelectric  device,  because  Cu  has 
low  electrical  resistivity  and  high  thermal  conductivity  values 
(see  Table  1),  and  can  easily  be  deposited  electrochemically. 
However  a  diffusion  barrier  must  be  found  to  prevent  Cu 
from  diffusing  into  Bi2Te3  and  degrading  the  thermoelectric 
properties.  Ni  is  the  Cu  diffusion  barrier  of  choice  in  the 
thermoelectric  industry,  but  unfortunately  we  have  found  that 
the  Ni  layer  is  dissolved  in  the  nitrate  solution  used  to  grow 
Bi2Te3  by  electrochemical  deposition.  After  considering 
several  options  including  a  protective  layer  over  the  Ni 
barrier,  the  possibility  of  more  suitable  diffusion  barriers  was 
investigated. 

Potential  candidates  included  Cr,  Pd  and  Pt  as  well  as  highly 
thermally  stable  amorphous  nitride  films  previously 
developed  for  metallizations  to  diamond  and  AIN  [5]. 
However,  studies  were  required  to  demonstrate  their 
effectiveness  as  diffusion  barriers  for  Cu  and  to  demonstrate 
that  they  do  not  contaminate  the  Bi2Te3  film. 

A  number  of  experiments  were  conducted  on  single 
crystalline  Bi2Te3  bulk  samples  which  were  coated  with 
Pt/Cu,  Pd/Cu,  Ni/Cu,  Cr/Cu,  TiSiN/Cu  and  TaSiN/Cu.  The 
diffusion  barrier  thickness  was  typically  150  nm  and  the  Cu 
overlayer  was  250  nm.  Several  samples  were  prepared  for 
each  multilayer  combination,  and  some  of  the  samples  were 
annealed  for  1  hour  at  150°C,  200°C,  250°C  or  350°C  in  high 
vacuum.  After  completion  of  the  anneals,  as-coated  and 
annealed  samples  for  each  materials  combination  were 
analyzed  by  Rutherford  backscattering  (RBS)  microscopy. 
Results  showed  that  for  temperatures  in  the  150-250°C  range 
only  Pt  and  the  amorphous  nitrides  are  suitable  diffusion 
barriers  (no  Bi  or  Te  detected  on  top  of  the  Cu).  For 
temperatures  higher  than  250°C  the  nitride  films  performed 
best.  Both  Ni  and  Cr  samples  showed  some  interdiffusion 
even  at  150°C,  and  catastrophic  results  were  obtained  with  Pd. 
Detailed  results  will  be  reported  elsewhere  [11].  Despite  the 
apparent  negative  result  of  Ni  as  a  Cu  diffusion  barrier,  it 
must  be  noted  that  thermoelectric  coolers  are  typically 
soldered  at  only  138°C  (some  at  189°C),  and  operated  at  SO¬ 
YS^  maximum  (hot  side).  Since  Pt  is  well  suited  to  the 
electrochemical  deposition  of  Bi2Te3,  we  are  now  developing 
a  Cu  electrode/Pt  barrier/Bi2Te3  combination  by  ECD. 

Conclusion 

The  demand  for  increased  speeds  and  higher  power  levels  for 
electronic  devices  such  as  power  amplifiers  and 
microprocessors  has  resulted  in  thermal  problems  on  the 
component  and  board  level  that  need  to  be  solved.  The  spot 
cooling  of  these  power  devices  and  microprocessors  is  needed 
to  increase  reliability,  efficiency,  and  clockspeed. 
Thermoelectric  microcoolers  using  high  thermal  conductivity 
substrates  such  as  diamond  or  AIN  are  one  of  the  most 
promising  methods  to  address  these  thermal  management 
issues.  Very  high  cooling  power  densities  (over  100  W/cm2) 
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can  be  achieved  with  thick  film  coolers.  We  are  currently 
developing  such  devices  using  a  promising  electrochemical 
technique  to  deposit  Bi2Te3-based  film  on  metallized  and 
patterned  diamond  substrates. 
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ABSTRACT 

A  different  approach  for  manufacturing  arrays  of 
micro  thermoelectric  coolers  using  integrated  circuit 
technology  is  presented.  The  idea  is  to  fabricate  a  synthetic 
wafer  containing  the  necessary  thermoelectric  elements  by  first 
bonding  alternating  p  and  n  type  wafers  and  then  slicing  them 
to  obtain  an  array  of  thermocouples.  This  array  is  then 
metallized  using  standard  photolithography  and  evaporation 
techniques  to  yield  an  array  of  coolers.  To  demonstrate  this 
approach,  six  element  Bi2Te3  cooler  arrays  were  made  and 
characterized.  In  this  paper  scaling  laws,  processing  details, 
practical  limitations,  and  preliminary  experimental  results  are 
discussed. 

INTRODUCTION 

Increased  demand  in  the  optical  communications 
industry  has  led  to  many  advances  in  semiconductor  laser 
sources.  Now,  these  sources  are  efficient  and  operate  at  low 
threshold  currents.  As  a  result,  heat  dissipation  is  low  (100’s 
of  mW)  and  temperature  dependent  parameters  can  be  stabilized 
with  little  cooling  (<20  °C).  Still,  the  low  heat  dissipation  in 
conjunction  with  very  small  surface  area  (100’s  of  pm2) 
results  in  a  high  heat  flux  density.  Recent  work  in  the 
miniaturization  of  thermoelectric  coolers  (TECs),  has  shown 
the  advantages  of  smaller  coolers  in  these  applications.!  1] 
Basically,  element  lengths  in  the  submillimeter  range  produce 
greater  cooling  densities  than  conventional  coolers  and  allow 
the  overall  size  of  the  cooler  to  be  greatly  reduced. 

As  the  cost  of  semiconductor  laser  sources  decreases, 
it  is  important  to  maintain  the  cost  of  packaging  as  low  as 
possible.  This  paper  presents  a  novel  approach  to 
manufacturing  micro  TEC’s  with  the  desired  goal  to  facilitate 
packaging  with  semiconductor  laser  sources  and  other  opto¬ 
electronic  devices  and  thus  reduce  the  cost  of  packaging  and 
production.  In  standard  packaging  procedures,  a  wafer  is  diced 
into  single  devices  or  groups  of  devices.  These  are  then 
individually  mounted  into  a  package.  The  ultimate  goal  of  our 
approach  is  to  develop  a  synthetic  “wafer”  of  TEC’s  that  can 
be  bonded  to  a  wafer  of  lasers  or  other  electronic  devices  or 
circuits.  The  synthetic  “wafer”  is  made  by  bonding  n  and  p 
type  wafers,  slicing  them,  and  then  metallizing  the  contacts. 
When  this  synthetic  wafer  is  bonded  to  the  wafer  of  lasers,  the 
whole  structure  can  be  diced  together  and  then  mounted.  This 
process  allows  the  use  of  standard  integrated  circuit  technology 
to  enhance  mass  production  of  mountable  devices. 

SCALING  LAWS 

In  order  to  understand  submillimeter  cooler  operation, 
a  set  of  design  rules  is  needed.  Also,  the  first  set  of  rules 
should  only  depend  on  length.  This  will  be  done  by 
considering  the  cooling  density  when  operating  in  the 
maximum  cooling  regime.  In  this  way,  the  scaling  of  device 


performance  as  element  length  decreases  can  be  easily 
understood. 

To  start,  the  cooling  capacity  at  the  cold  side  of  a 
single  thermocouple  (including  contact  resistance)  is  given 
by  [2]; 

,2 

Q  =  oCrcI-^{Rmat+2Rcon)-KAT  (1) 

where  a  is  the  Seebeck  coefficient  (205  pV/K  for  Bi2Te3),Rmat 
is  the  material  resistance  (c  x  area/length,  cave=1100  l/£2cm), 
Rcon  is  the  contact  resistance  (rc  x  area  Qcm2)[3],  and  K  is  the 
thermal  conductivity  (k  x  length/area,  Kave=0.014  W/cmK). 
Next,  cooling  capacity  in  the  maximum  cooling  regime  is 
obtained  from  the  condition  dQ/dI=0.  The  cooling  density  is 
given  by; 


Qrnax  _  l 
a  L 


-kAT 


(2) 


at  a  current  density  of 


The  results  of  Equations  2  and  3  are  shown  in  Figure 
1.  This  figure  also  shows  similar  expressions  for  the  cooling 
and  current  densities  in  the  maximum  coeffecient  of 
performance  (COP)  regime.  Figure  1  shows  that  the 
maximum  cooling  increases  as  the  element  length  decreases. 


Fig  1.  Cooling  Density  and  Current  Density  vs  Element  Length 
in  both  the  maximum  cooling  and  maximum  COP  regimes.  Rcoa=0, 
AT=17'C  from  a  room  temperature  of  37’C 


Also,  an  element  length  of  1mm  produces  a  cooling  density  of 
34.7  W/cm2  and  an  element  length  of  100pm  produces  a 
cooling  density  of  347  W/cm2.  Of  course,  the  maximum 
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Length(cm) 

Fig  2.Cooling  Density  vs  Element  Length  in  the  maximum 
cooling  regime.  Included  is  the  effects  of  contact  resistance: 
rc  (Q/cm). 

current  density  increases  as  well.  An  element  of  1mm  requires 
a  current  density  of  654.7  A/cm2,  and  an  element  length  of 
lOOjiim  requires  a  current  density  of  6547  A/cm2*. 

Cooling  densities  in  the  range  >100W/cm2  are  produced  when 
the  element  length  is  smaller  than  300pm. 

The  next  step  in  the  design  rules  is  to  determine  the 
total  cooling  capacity  and  the  total  current  for  an  array  of 
thermocouples.  These  thermocouples  are  electrically  in  series 
and  thermally  in  parallel,  thus 

Qtotal^^Atotah  (4) 

a 

homl  =  Im^At%al-  (5) 

a  N 

The  total  current  can  be  reduced  by  increasing  the  number  of 
elements  per  area.  Thus,  a  lmmxlmmxl00|tm  device  with 
65  elements  would  have  cooling  capacity  of  3.47W  with  a 
total  current  of  1 A  at  a  temperature  difference  of  17°C. 


The  last  step  is  to  analyze  the  effect  of  contact 
resistance  as  the  element  length  decreases.  This  is  presented  in 
Figure  2.  This  figure  indicates  that  the  effect  of  contact 
resistance  is  more  pronounced  at  smaller  element  lengths.  To 
make  devices  shorter  than  1mm,  a  contact  resistance  of  10"6  or 
less  is  needed.  But,  a  contact  resistance  of  10'6  greatly  reduces 
cooling  at  lengths  <  300pm. 

DEVICE  PROCESSING 

Figure  3  displays  the  processing  steps  necessary  to 
fabricate  a  synthetic  wafer  of  TECs.  To  demonstrate  and 
develop  this  approach  an  array  of  6  element  bar  coolers  was 
made.  The  steps  necessary  for  this  are  also  presented  in  figure 
3.  An  overview  of  the  steps  for  the  array  and  synthetic  wafer 
will  be  presented  and  the  remainder  of  this  section  discusses 
the  specifics  in  the  array  fabrication. 

To  produce  a  synthetic  wafer,  alternating  n  and  p  type 
wafers  are  first  bonded  together  (Fig.3a).  Next,  the  resultant 
structure  is  cut  into  slices  (Fig.  3b).  These  slices  can  be 
processed  into  an  array  of  bar  coolers.  This  is  done  by 
fabricating  metal  contacts  and  then  mounting  the  array  to  a 
substrate(Fig.  3c).  To  further  increase  the  number  of  cooling 
elements  per  unit  area  the  slices  in  Figure  3b  can  be  bonded 
together(Fig.  3d).  This  structure  is  once  again  sliced  to  yield  a 
checker-board  of  alternating  n  and  p  type  layers  (Fig.  3e). 
Metal  contacts  are  fabricated  and  the  synthetic  wafer  of  TECs 
is  now  bonded  to  the  wafer  with  the  opto-electronic 
devices(Fig.  3f).  Finally,  the  bonded  wafers  are  ready  to  be 
diced  and  mounted  into  a  package.  The  remainder  of  this 
section  presents  the  specific  processing  details  for  the  array  of 
bar  coolers. 

Before  the  wafers  can  be  bonded,  they  must  be 
prepared  in  order  to  insure  periodicity  in  the  stack  which  is 
necessary  in  the  subsequent  photolithography  steps.  To  do 
this,  they  are  lapped  on  a  copper  wheel  using  diamond  grit  to  a 
desired  thickness.  Because  Bi2Te3  is  a  soft  material,  care  must 


(d)  (e)  (0 

Fig3.  Processing  steps  for  a  synthetic  wafer  of  TECs.  Also  shown  is  the  prototype  array  of  bar  coolers,  a)  p  and  n  type  wafers  are 
bonded  together,  b)  the  resultant  structure  is  cut  into  slices,  c)  a  slice  is  patterned  with  metal  contacts  and  mounted  to  a  patterned 
substrate  to  make  an  array  of  bar  coolers,  d)  to  further  process  a  synthetic  wafer,  the  slices  in  b)  are  again  bonded  together,  e)  the 
resultant  structure  is  again  sliced  to  yield  a  synthetic  wafer,  f)  the  synthetic  wafer  is  patterned  with  metal  contacts  and  bonded  to  a  wafer 
of  opto-electronic  devices(arrays  of  6  PIN  detectors).  These  can  then  be  diced  together,  indicated  by  the  dotted  lines 
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be  taken  to  reduce  round  off  of  the  edges  and  scarring  of  the 
surfaces.  Furthermore,  polycrystalline  Bi2Te3  has  varying 
crystal  grain  structure  which  can  produce  an  uneven  surface 
with  inappropriate  lapping  techniques.  Finally,  handling 
monocrystalline  Bi2Te3  of  thickness  of  800pm  or  less  requires 
special  procedures  as  does  polycrystalline  Bi2Te3  of  400pm  or 
less. 

Next,  the  wafers  are  bonded  together  into  a  stack 
using  a  two  part  high  temperature  epoxy  which  will  operate 
continuously  up  to  200°C.  The  procedure  used  produces  an 
evenly  thin  epoxy  layer  between  each  wafer.  This  is  done  by 
first  out-gassing  the  epoxy  to  remove  any  bubbles.  Next,  a 
thin  layer  of  epoxy  is  spread  on  each  wafer  and  then  they  are 
assembled  into  a  stack.  This  stack  is  then  placed  into  a 
vacuum  press.  The  main  features  of  this  press  are  a  dome 
shaped  chuck  and  a  silicone  diaphragm.  The  press  is  exposed 
to  house  vacuum(~150  Torr)  which  draws  the  diaphragm  down 
on  the  dome  shaped  chuck  which  in  turn  applies  an  even 
pressure  over  the  surface  of  the  stack.  Finally,  the  epoxy  is 
cured  with  a  temperature  ramp  that  allows  the  whole  press  to 
remain  at  an  uniform  temperature  .  This  technique  produces 
an  epoxy  layer  lpm  in  thickness. 

The  bonded  stack  of  wafers  must  now  be  sliced 
(shown  in  Figure  4).  In  this  step,  it  is  critical  to  use  a 
procedure  that  will  not  destroy  the  stack  and  allows  parallel 
slices  to  be  made.  To  do  this,  a  high  concentration  diamond 
grit  wafering  blade  (thickness  325pm)  is  used  on  a  slow  speed 
spindle. 


Fig  4.  Top  view  of  slice  of  bonded  n  and  p  wafers  (refer  to 
Fig3b). 

At  this  point,  each  slice  can  be  processed  into  a  bar 
cooler.  The  next  step  is  to  fabricate  metal  contacts  to  allow 
current  flow.  To  insure  good  adhesion  of  the  metal  to  the 
Bi2Te3,  the  appropriate  surfaces  must  be  prepared.  This  is 
done  by  standard  mechanical  polishing  techniques  to  remove 
any  surface  irregularities  and  damage.  The  metal  contacts  are 
fabricated  using  standard  integrated  circuit  technology.  First, 
the  Bi2Te3  slice  is  cleaned  and  then  a  thin  layer  of  polymer 
photoresist  (Shipley  AZ4210)  is  spun  on.  Next,  a  “chrome 
on  quartz  mask”  with  the  appropriate  metal  contact  pattern  is 


placed  into  contact  with  the  Bi2Te3  slice.  These  are  exposed 
under  a  UV  light  source.  After  the  photo  resist  is  developed, 
the  mask  pattern  has  been  reproduced  on  the  slice.  The  sample 
is  then  02  plasma  etched  to  remove  any  photo  resist  scum. 
Metal  is  deposited  onto  the  slice  using  thermal  evaporation. 
First,  a  300A  of  Ni  is  deposited  as  both  a  sticking  layer  and  a 
diffusion  barrier  for  a  top  Au  layer.  Next,  a  lpm  layer  of  Au 
is  deposited  as  a  thick  metal  layer  to  cover  the  epoxy  and  any 
surface  irregularities  still  present.  This  also  acts  as  a  good 
layer  for  solder  adhesion.  After  evaporation,  the  bar  is  placed 
in  acetone  for  lift  off.  Because  both  sides  of  the  bar  cooler 
need  metal  contacts,  this  procedure  is  repeated  on  the  second 
side  of  the  bar  cooler. 

The  remaining  step  in  manufacturing  a  bar  cooler  is 
to  mount  the  device  to  a  thermally  conductive  substrate.  BeO 
is  used  because  of  its  high  thermal  conductivity  (270  W/mK, 
625pm  thick).  The  BeO  is  metallized  in  the  same  method  as 
described  for  the  Bi2Te3  bar  cooler.  The  only  difference  is  that 
a  Ti  sticking  layer  is  used  on  the  BeO.  The  bar  cooler  is 
soldered  into  place  on  the  BeO  using  In/Pb  solder.  To  insure 
good  thermal  contact  between  the  cooler  and  substrate, 
thermally  conductive  varnish  is  injected  in-between  the  two. 
After  soldering  leads  to  the  substrate,  the  cooler  is  now 
finished. 

PRACTICAL  LIMITATIONS 

When  operating  in  the  maximum  cooling  regime 
there  arc  no  theoretical  limits  in  the  increase  of  cooling 
density  with  the  decrease  of  element  length.  Of  course  there 
are  practical  limits  in  element  size  that  can  be  manufactured 
and  handled.  The  most  destructive  step  in  the  process  is 
handling  the  material  after  it  has  been  lapped  (before  bonding). 
Because  of  this,  wafer  thickness  (wafer  thickness  translates 
into  one  dimension  of  the  element  area,  see  Fig3b,c)  of 
800pm  (single  crystal  Bi2Te3)  and  400pm  (poly  crystal 
Bi2Te3)  are  the  practical  limits  when  directly  handling  the 
material.  Using  special  handling  techniques  Bi2Te3  (single  or 
poly)  can  be  easily  lapped  down  to  100pm  or  less,  thus 
lowering  the  limit  on  element  areas.  Minimum 

element  length  is  less  limited  than  area  since  the  elements  arc 
already  bonded  with  epoxy.  This  increases  the  mechanical 
integrity  and  allows  easy  handling.  In  this  case  element 
length  are  easily  made  to  100pm  and  care  must  be  taken  to 
make  the  length  less. 

EXPERIMENTAL  RESULTS 

The  performance  of  the  prototype  6  element  bar 
cooler  was  evaluated  by  measuring  the  temperature  at  the  cold 
side  under  an  increasing  DC  current  input.  This  was  done  at 
ambient  pressure  and  temperature.  The  device  was  placed  in 
good  thermal  contact  with  a  heat  sink  using  a  thermally 
conductive  paste.  Thus,  the  hot  side  of  the  device  remains  at 
ambient  temperature.  The  cold  side  temperature  was  measured 
using  a  thermister.  In  this  prototype  configuration,  there  is 
no  cold  side  ceramic  substrate  and  the  thermister  is  placed 
directly  on  the  thermocouples.  The  results  of  the  temperature 
measurement  are  shown  if  Figure  7. 
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Fig7.  Measurement  results  under  DC  input  current.  Vertical  axis 
shows  the  temperature  difference  between  the  hot  and  cold  sides 
and  the  voltage.  The  solid  line  shows  the  theoretical  prediction. 


In  order  to  verify  the  results,  a  theoretical  curve  was 
calculated  based  on  measured  device  and  material  parameters. 
The  theoretical  temperature  difference  is  obtained  by 
rearranging  Equation  1  and  is  given  by; 


Ar4 


°^c^~ +Rcon ® 


To  evaluate  this,  the  Seebeck  coefficient  of  the  n  and  p  type 
wafers  was  measured.  This  yielded  average  values  of  203 
(iV/K  and  230  pV/K  respectively.  Next,  the  resistance  of  the 
device  was  measured.  This  is  obtained  from  the  IV 
measurement  (Figure  4).  The  voltage  of  the  device  is  given 
by; 

V  =  N^I^Rmat  +  2Rcon  +  & wire )  +  j ,  (10) 

where  Rwire  is  the  resistance  the  current  supply  leads.  Hie 
total  resistance,  given  by  the  slope  in  Figure  4,  is  0.63Q. 
Subtracting  the  lead  resistance,  yields  a  device  resistance  of 
0.1 5fl  To  use  this  value  in  Equation  6,  it  is  multiplied  by 
1/2N(N=3),  which  yields  0.025£2.  Finally,  the  total  thermal 
conductivity  K,  is  obtained  from  the  linear  term  of  the 
measured  temperature  data,  an  average  cold  side  temperature  of 
295  K,  and  die  Seebeck  coefficient(see  Equation  6).  These 
yield  a  K  of  0.0166W/K.  Substituting  these  values  into 
Equation  l(with  an  estimation  for  ambient  heat  load)  yields 
the  following; 

AT  =  1/.  0166(-  002+.  128  /-.  025 12  )  (11) 

Equation  1 1  is  shown  with  the  measured  temperature  difference 
in  Figure  7.  From  this  figure,  the  measured  and  calculated 
response  show  great  similarity.  The  linear  cooling  term  is  due 
to  the  Peltier  effect,  and  the  quadratic  roll  off  due  to  joule 
heating.  Of  course,  the  maximum  temperature  difference  is 
much  lower  than  desired.  This  is  mostly  due  to  the  joule 
heating  term,  which  is  an  order  of  magnitude  more  than 
expected.  Preliminary  measurements  on  conductivity  and 
contact  resistive  reveal  a  material  conductivity  much  lower 
than  expected.  Further  investigation  is  necessary  to  determine 
the  source  of  this  high  resistance.  Using  material  with  an 


expected  conductivity(=1000  1/Qcm),  should  yield  a  device 
with  a  maximum  temperature  difference  of  44°C.  This  fact  is 
presented  in  Figure  8. 


Fig8.Temperature  difference  vs  input  current  for  several  different 
resistances.  Also  included  is  the  theoritical  prediction  from  Fig7. 

CONCLUSIONS 

This  paper  presented  key  developments  in  a 
manufacturing  approach  that  can  greatly  enhance  the  ability  to 
produce  miniature  TEC’s  and  aid  in  packaging  these  to 
optoelectronic  devices  through  the  use  of  a  synthetic  wafer. 
These  developments  were  validated  by  a  prototype  device 
which  behaves  as  expected  given  the  material  limitations. 

REFERENCES 

l.Semenyuk  V.A.,  Pilipenko  T.V.,  Albright  G.C.,  Ioffe 
L.A.,  and  Rolls  W.H.”Miniature  Thermoelectric  Coolers  for 
Semiconductor  Lasers”,  Proceedings  of  the  Thirteenth 
International  Conference  on  Thermoelectrics,  Kansas  City, 
Mo,  1994,  ppl50-153. 

2.Goldsmid  H.J.,  Electronic  Refrigeration,  Pion  Limited, 
London,  1986. 

3.Sze  S.M.,  Physics  of  Semiconductor  Devices,  John  Wiley 
and  Sons,  New  York,  1981. 


649 


16th  International  Conference  on  Thermoelectrics  (1997) 


Fast  Thermoelectric  Microcoolers 


Vadim  Galperin. 

MGNPP  «OSTERM»  15  Grazhdanskaia  St.,  190031 
St.  Petersburg,  Russia 

Tel.  (812)  3-12-57-32,  Fax:  (812)  3-11-52-39, 

E  mail  :  iib@  okb  .  cor.  Neva.vu 


Abstract 

This  paper  is  concerned  with  issues  related  to  further 
examination  of  low-inertia  thermoelectric  microcoolers 
[1,2, 3], Such  devices  are  useful  to  deliver  powerful  short-term 
heating  action  an  objects  of  low  thermal  capacity  ,as  for 
example  ,in  data  recording  or  deletion  using  heating  or 
cooling  msec-pulses  on  thermochrome  film. 

Formulae  suitable  for  engineering  design  have  been  obtained 
describing  the  opportunities  of  pulse  cooling.  It  has  been 
demonstrated  that  the  mono-pulse  /frequency  mode  change 
impose  additional  requirements  on  heat  removal  and  contact 
heating  resistance  on  the  thermoelectric  cooler  hot  side 

Introduction 

In  spite  of  numerous  publications  on  thermoelectric  coolers 
these  problems  are  urgented  .Theoretically  this  fact  is 
explained  by  cumbersome  of  numerical  analytical  procedures 
,so  that  their  practical  application  in  engineering  design  and 
appraising  of  pulse  cooling  opportunities  has  been 
problematic  On  practical  view  the  interest  to  quick- 
operating  microcoolers  continually  increase  followed  by 
intensive  attempts  of  using  their  advantages  sometimes  it  is 
impossible  without  them.Primarily,  this  is  true  in  regard  to 
film  structure  cooling,  some  medical  and  biological 
applications  .The  formulae  suitable  for  engine  design  have 
been  obtained  by  suggested  method  of  the  paper  for 
temperature  determination  of  the  objects  cooled  with 
thermocouples  during  short  time  intervals;  and  on  this  base 
satisfactory  analysis  can  be  performed  microcoolers  operation 
in  mono-pulse  and  frequency  modes 
Design  model 

Traditionally  ,  time  temperature  dependence  of  cooling  side 
of  thermocouples  have  been  determined  from  the  solution  of 
conductivity  equation  [1, 2,4,5], one  result  in  cumbersome 
procedures  difficult  to  examine  in  all.  Different  approach  to 
the  solution  of  the  problem  is  consider  below. 

Let  heat  transfer  in  thermocouple  leg  is  with  specific  power 

W -  j2 p  during  the  time  ( z )  ;cold  source  is  on  working 
surface  with  density  of  q  =  j  II , 

where  j-current  density  through  thermocouple;  p  -specific 
resistance  of  thermoelectric  material  II  =  oT0  -Peltiers 
coefficient;  a  -coefficient  of  the  thermoelectric  motive  force 
T0  -temperature  of  cold  side 

Then  on  the  one  hand  ,temperature(  T0 )  of  leg  surface  ,as 
and  any  point  of  it,  must  be  increase  on  linear  law  at  the 


sacrifice  of  internal  heat  source  (without  heat  exchange  with 
environment ) : 


j2  p 

T0=T  n+^far 


(1) 


and  on  the  other  hand  ,this  temperature  must  be  decrease  in 
result  by  surface  cooling  on  the  law 


(2) 

where  TJ(  -initial  leg  temperature;  X  -and  a-  coefficients  of 
heat  conductivity  and  thermal  conductivity  of 
thermoelectrical  material  accordingly.  It  is  follows  that  the 
total  temperature  difference  is  defined  by  expression : 

=  (3) 

V  nX  X 


Offering  ,that  the  Peltiers  coefficient  is  not  depend  from 
temperature  ,and  using  well-known  expressions  for 


a2  T0 

AT  „  = 


2pX 


and  j0  = 


aTn 


2ph 

diere  ATmax  -maximum  temperature  difference  on 
liermocouple  in  the  steady  -state  mode  ;  j0  -optimal  current 
lensity  in  steady  state  mode;  the  expression  for  temperature 
ifference  depending  on  the  time  has  been  received  in  view  : 

4 


AT(r)  =  AT, 


'P' 


jo 


V JoJ 


T 


(4) 


h2 

Where  Tn  = — -thermocouple  time  constant; 
u  a 

From  this  expression  it  may  be  define  the  optimal  current 
jQ(p)  for  maximum  temperature  difference 

(ATmax{p)(r»  during  the  time  (r): 


and  the  value  : 
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ATma-(/,)  =  — ATm_  (6) 

n 

It  is  seen  ,that  for  true  theoretical  approximation  ,  ignoring 
the  Joule  heat  in  commutative  plate  and  the  capacity  of 
cooled  object  ,temperature  difference  is  not  depend  from 
current  value  and  one  is  bounded  by  0,637  ATmax 
This  assertion  closely  agrees  with  experimental  data  [2]  and 
the  expression  (4)  becomes  precisely  the  same  solution  for 
with  respect  to  the  solution  for  small  time  values  [5], 
Establishing  the  correspondence  between  the  received  results 
and  ideal  model  ones  ,let  us  see  how  this  related  to  actual 
conditions  The  Joile  heat  in  commutative  plate  and  load 
capacity  must  be  taken  into  account. 

Inserting  additional  leg  surface  density  of  heat  transfer 

( j 2  jin  expressions  (1)  and  (2), liberated  in  commutative 


plate  ,  and  the  value  ( ~ 


)  characterizing  heat  content 


change  of  capacity  (C  ),it  is  received  ,that  temperature 
increasing  of  cold  object  ( ATH)  is  determined  by  the 
expression: 


and  decreasing  ( ATC )  from  one  : 


2(afr,  -  C-f) 


ATC  -  t=-  yfaz , 

(8) 

and  the  total  effect : 

II 

> 

1 

£ 

(9) 

where 

C-specific  surface  capacity  of  leg  additional  load ; 

Rj  -resistance  of  the  commutative  plate  part ,  additional  to 

the  leg 

S-leg  cross  section; 

2  , 

On  the  some  simple  rearrangements  and  it  taken  ~f==  «  1 

V2tf 


,  general  expression  for  temperature  difference  ,in  time 
dependence  at  using  of  Rj  and  C  has  been  obtained  from 


expressions  (7),(8),(9): 


1 

AT(r)  =  ATjjjax  —  - 

f(C,T) 


ATmax 


_ 1_ 

f(c,r) 


\2 

_J_ 

doJ 


Tq  J 


Where 


(10) 


/(C,r)='+fjf  ■AK.O-I+Zfi. 

where  R-  thermocouple  leg  resistance 

Optimal  current  determined  from  the  expression  (10): 


j^(C,Rj)  =  j0 


_L  IK.  1 

t  f(Rj ) 


(H) 


except  for  time  is  depends  on  f  ( Rj ,  z)  and  this  current  is 


unaffected  by  f(c,z),  there  with  maximum  temperature 


difference  is  equal  to: 

ATmJp)(Rj,C,r)  = 


2  AT 


X  f(C,T)f(Rj,T)  ’ 


(12) 


As  it  is  seen  from  their  structures  functions  f  (c,  r)  and 
f{Rj,z)  are  dimensionless  values  ,  determined  by  the 

parameters  of  thermoelectric  material  and  load  ,  and  time 
duration  of  cooling  pulse  also  .With  growth  of  Rj  and  C 
.corresponding  functions  increase  also,  so  that  value 
ATmax(/>)  (Rj ,  C,  r)  decrease.  Similar  dependence  is 
observed  at  the  decreasing  of  T .  Notice  that  application  of 
this  formulae  is  appropriate  at  leg  length  h  >  3 yfar  or  it  is 

the  same  situation  at  “r-  >  2 .  For  example  ,at  pulse  duration 

Jo 


7  m 

of  T  =  0,0  Is  and  a  =  4,9  *  10  — ,  height  (h),  must  be 

S 

greater  0,2  mm,  for  any  real  thermocouple  it  is  true  . 
Examining  the  expression  f(c,  r)  *  f(Rj ,  r)  about 

minimum  it  may  be  obtained  the  optimal  value  of 
commutative  plate  thickness  .entering  in  the  expressions  for 
the  capacity  (Cy-  =  SjSCj)  and  the  resistance 


(R,  =^”).  If  cooled  object  is  absent  and  only 
3  sj 

commutative  plate  capacity  is  considered  .that  is  C  =  C; , 


so  appear  Sj  is  in  proportion  to  yfs  ,  it  consist  of  25  me 
at  S=lmm2 

In  this  case  the  value  of  ATmax(p)(i?y-,C, r)  is  nothing 

more  than  (22-23)°C  at  z  =  0,01s  Of  course,  it  is  upper 
apraised  boundary  ,if  for  no  other  reason  than  the  estimation 
of  contact  resistance  and  heat  transfer  with  environment 
;somewhat  it  is  the  reason  for  increasing  of  second  term  in 
left  part  of  the  formula  (10).  Obtained  expressions  are  in 
good  agreememt  with  experimental  data  [3]. 

Frequency  operating  mode 

As  it  is  pointed  above  .quick-operating  microcoolers  are 
useful  for  information  systems, where  data  recording  is 
carried  out  by  phase  transition  in  thin-film  thermochrome 
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materials  [7],for  example,  by  laser  ray  and  deletion  using 
cooling  pulse  -  it  returns  the  film  in  initial  state.  If  system 
has  a  chance  to  become  thermodynamic-equilibrium  during 
the  spaces  between  deleting  pulses,  so  it  is  mono-pulse  mode 
,fully  described  by  proper  approach. 

However  ,in  view  peceptible  systems,  using  the  devices  of 
operating  optical  memory,  it  is  necessary  that  the  work  is 
carried  out  in  real  time  scale,  that  is,  with  frequency  of 
change  view  .  In  this  case  cooling  pulse  duration  is  limited 
by  40  ms.  The  inefficient  mode  of  deletion  is  observed  at 
short  pulse  duration,  that  is,  the  spaces  between  pulses  are 
reduced;consequently  the  system  is  not  reduced  to  initial  heat 
state.  It  may  be  two  alternative  cases  therewith ; 

-  thermal  contact  of  thermocouple  heat  side  with  heat 
removal  is  optimum  one  ,that  is  ,the  junction  temperature  is 
constant  at  any  allowable  current  through  thermocouple.  In 
this  case  every  subsequent  pulse  initiate  the  cooling  from 
more  lower  level,  because  the  film  is  not  reduced  to  starting 
state, that  is  ,  average  temperature  of  cold  side  is 
decreased;on  this  reason  the  film  ability  is  deteriorated  for 
information  memorizing. 

-hermal  contact  of  heat  side  with  heat  removal  is  not 
optimum.In  this  case  the  quantity  of  heat  release  ( for  1  s)  is 
not  dissipated  during  total  time  of  the  spaces  between  pulses 
subsequently  system  superheating  and  loss  of  the  ability  to 
information  recording  take  place. What  this  means  is  the 
transition  from  monopulse  mode  to  frequency  one  requires 
either  selection  of  thermal  resistance  contact  value  -’’heat 
side  -  heat  removal”  (several  for  every  frequency)  or 
temperature  selection  of  heat  removal  for  providing  the 
necessary  heat  flow  through  this  contact,required  to  sustain 
the  costant  temperature  of  stability.  On  the  practice  ,  it  is 
appear  ,that  starting  from  frequency  (10-12)  Hz  for  avoidance 
of  superheating,  it  is  necesary  to  decrease  the  amplitude  of 
feed  pulses;  however  it  cause  the  lowering  of  cooling  level.. 

In  the  same  way  ,  he  optimal  current  amplitude  exists  for 
every  cooling  pulse  recurrence  frequency  and  every 
thermocouple  construction,providing  the  maximum 
temperature  difference  without  superheating: 

Jo' =JoW(C,R,)-jj  ,  (13) 

In  particular  ,temperature  difference  (AT  =  7 °C)  can  be 
obtained  at  current  =5  A;ftequency  =25  Hz  ,(xp  =3  5ms) 
constant  conditions  of  heat  removal  during  transition  from 
mono-pulse  mode  to  frequency  one  by  optimization  of 
cooling  pulse  amplitude . 

Conclusions 

Simple  analitical  useful  expressions  have  been  received  for 
engine  design  of  thermoelectrical  coolers,  operating  in  pulse 
feed  mode.  Cooler  potential  on  temperature  lowering  during 
short  time  spaces  may  be  appraised  on  the  knowledge  of  its 
parameters.  And  conversely,  if  necessary  temperature 
differences  are  given  at  fixed  time  ,  optimal  construction 
and  required  feed  currents  will  be  determined  .  It  is  shown 
,that  certain  features  of  frequency  mode  must  be  taken  into 
account  at  development  of  microcoolers  with  heat  removal. 
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Abstract 

A  new  manufacturing  process  of  a  xc-shaped 
miniature  thermoelectric  module  composed  of  sintered 
Bi-Te  compounds  has  been  developed.  The 
manufacturing  process  is  suitable  for  mass  production 
as  it  is  comprised  of  simple  technologies  such  as 
conventional  photolithography  technology,  micro¬ 
bonding  technology  using  the  solder  bump  method 
and  precise  cutting  technology  using  a  dicing  machine. 
A  miniature  module  with  the  dimensions  of  3  mm  X  3 
mm  X  1.3  mm  in  which  102  elements  (51  junctions) 
with  the  dimensions  of  120  pm  X  120  pm  in  cross 
section  parallel  to  the  substrates  and  a  height  of  600 
pm  were  included  was  fabricated  while  developing  the 
process.  The  maximum  temperature  difference  ATmax, 
and  the  heat  absorption  Qmax  of  the  module  were  61.3 
°C  and  0.36W,  respectively.  This  indicates  that  the 
performance  of  the  module  as  a  cooling  device  was 
equivalent  to  that  of  conventional  modules.  The 
specification  for  high  voltage  and  low  current  input,  a 
significant  purpose  in  addition  to  the  miniaturization 
of  the  module,  was  achieved  because  the  maximum 
voltage  Vmax  and  current  Imax  were  6.7  V  and  110  mA, 
respectively. 

Introduction 

Millimeter  sized  thermoelectric  modules  are  widely 
utilized  as  cooling  devices  for  micro-electronic  devices 
such  as  laser  diodes,  infrared  detectors  and  CCDs 
(charge  couple  devices).  However,  there  is  a  constant 
push  to  improve  the  performance  of  power  input 
because  a  large  difference  exists  between  the  input 
voltage  of  the  electronics  devices  and  that  of  the 
thermoelectric  modules.  In  other  words,  the  former  is 
several  times  greater  than  the  later. 

The  input  voltage  to  a  module  does  not  only  depend 
on  the  properties  of  the  materials  composed  of  the 
elements,  but  also  on  the  size  and  the  number  of  the 


elements.  It  is  obvious  that  the  input  voltage  can  be 
increased  by  making  the  elements  more  slender  and 
by  increasing  the  number  of  the  elements  in  the 
module.  However,  several  problems  arise  when  trying 
to  miniaturize  the  elements,  it  is  especially  difficult  to 
prepare  elements  with  leg  dimensions  of  below  several 
hundred  micrometer  (estimated  to  be  below  300  pm) 
because  single  crystals  of  Bi-Te  compounds,  which 
have  the  highest  performance  of  all  thermoelectric 
materials,  are  too  fragile  to  create  such  slender 
elements.  Recently,  sintered  Bi-Te  compounds  using 
hot  pressing  techniques  have  been  prepared  in  order 
to  increase  the  strength  without  degradation  of  the 
thermoelectric  properties  of  starting  compounds. 

In  the  present  work,  a  manufacturing  process  for 
miniature  modules,  which  include  elements  with  leg 
dimensions  of  below  a  few  hundred  micrometers  in 
cross  section  parallel  to  the  substrates,  was  developed. 
The  process  is  principally  based  on  photolithography, 
micro-soldering  exemplified  by  solder  bump 
technology  and  dicing  technologies,  and  can  be 
expected  to  be  superior  in  productivity  and  costs  in 
mass  production  to  the  conventional  manufacturing 
process  which  could  be  adopted  only  for  preparation  of 
“large  size  modules”.  Furthermore,  a  module  including 
102  elements  with  leg  dimensions  of  120  pm  x  120  pm 
x  600  pm  in  3  mm  x  3  mm  substrates  was  fabricated 
using  the  process,  and  the  properties  of  the  module 
were  measured. 

Experimental  Procedure 

Thermoelectric  materials  used  were  hot  pressed 
Bi-Te-Sb  compounds  (z=3xlO_3K1)  with  a  thickness  of 
600  pm  as  p-type  material  and  Bi-Te  (z=2.3xl03  K1) 
as  n-type.  The  process  developed  mainly  consists  of 
the  five  stages  shown  in  Fig.l. 
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(l)Formation  of  electrodes 
(on  silicon  wafers) 


(2)Bump  formation 
(on  the  compounds) 


(3)First  joining 


(4)Cutting  and  elimination 


Fig.l  Schematics  of  the  manufacturing  process 


Thin  film  consisting  of  three  layers  of  Cr-Ni-Au  with 
a  total  thickness  of  1  pm  was  formed  by  sputtering 
method  on  thermally  oxidized  silicon  wafers  with 
thickness  of  300  pm  to  form  the  electrodes  for  pn- 
junctions.  Afterward,  the  electrodes  were  patterned 
using  conventional  photolithography  technology. 

A  resist  layer  containing  circular  openings  with  a 
diameter  of  120  pm  for  the  formation  of  bumps  was 
created  on  both  sides  of  the  thermoelectric  materials. 
Nickel  bumps  with  a  height  of  40  pm  were 
electroplated  on  both  sides  of  the  sintered 
thermoelectric  materials  prior  to  the  formation  of 
solder  bumps.  The  electroplating  method  was  used  to 
form  solder  layers  with  a  composition  of  Sn :  Pb  =  6  :  4. 


The  solder  layers  were  re-flowed  to  prepare  solder 
bumps  by  heating  them  with  rosin  flux  after  removing 
the  resist  layer. 

The  thermoelectric  materials  were  bonded  to  the 
electrodes  for  pn-junctions  on  the  substrates  with 
solder  bumps  by  heating. 

Cut  and  elimination  of  unnecessary  portions  of  the 
thermoelectric  material  was  carried  out  with  a  dicing 
saw  with  a  200  pm  thick  blade  to  prepare  the 
elements,  which  are  bonded  to  the  substrates.  Here,  a 
gap  between  the  thermoelectric  material  and  the 
substrate,  which  was  formed  by  the  nickel  bumps,  was 
utilized  for  preventing  the  electrodes  from  being  cut. 
This  process  produced  two  types  of  substrates,  one 
with  p-type  elements  and  the  other  with  n-type 
elements. 

The  module  was  completed  by  positioning  the  two 
types  of  substrates  and  bonding  the  elements  on  one 
substrate  to  the  electrodes  on  the  other  substrate  with 
solder. 

Results  and  discussion 

Plural  modules  could  have  been  fabricated  at  the 
same  time  as  silicon  wafers  and  Bi-Te  plates  were 
used  throughout  the  process.  Thus,  the  process  could 
be  a  candidate  for  mass  production. 

A  micrograph  of  the  miniature  module  is  shown  in 
Fig.2.  The  size  of  the  module  was  3  mm  wide  x  3  mm 
long  x  1.3  mm  high.  The  dimensions  of  the  element 
composed  of  sintered  Bi-Te  compounds  were  120  pm  x 
120  pm  in  cross  section  parallel  to  the  substrates  and 
600  pm  in  height.  The  module  consisted  of  112  legs, 
with  102  utilized  for  pn-junctions  and  the  remaining 
10  not  functioning  as  thermoelectric  elements  because 
of  the  design  of  the  module  and  the  manufacturing 
process. 

Some  attempts  to  prepare  miniature  thermoelectric 
modules  using  the  thin  film  method  or  using  silicon 
surface  technologies  were  carried  out. 2®  However, 
there  is  no  report  related  to  7i-shaped  miniature 
modules  composed  of  bulk  Bi-Te  compounds. 

Although  the  module  fabricated  in  the  present 
works  was  miniaturized  as  shown  in  Fig.2,  it  had  an 
equivalent  performance  to  that  of  conventional  cooling 
modules  as  described  below. 
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an  input  current  of  110  mA.  Afterward,  the 
temperature  difference  AT  decreased  above  the 
current  at  which  the  maximum  temperature 
difference  was  given  because  the  joule  heat  by  electric 
current  was  superior  to  the  heat  transfer  by  Peltier 
effect. 

The  relationship  between  figure-of-merit  z,  the 
maximum  temperature  difference  ATmax  and  the 
temperature  of  cold  sideATcis  given  by 


Z- 


2AT  max 

ATc2 


(1) 


Fig.2  Photograph  of  the  miniature  module 

The  cooling  properties  of  the  module  were 
measured  using  CA  thermocouples  with  a  diameter  of 
25  pm.  The  substrate  to  which  the  heat  generated  in 
the  module  should  be  released  was  kept  at  a  constant 
temperature  of  300  K,  while  the  measurement  was 
carried  out  in  a  vacuum  chamber  evacuated  up  to  101 
Pa  to  prevent  the  occurrence  of  condensation  from  the 
surroundings.  The  dependence  of  the  temperature 
difference  between  the  substrates  on  the  input  current 
is  indicated  in  Fig.3. 


The  value  of  z  calculated  from  the  equation  (1)  is 
2.15xl0'3  K1.  This  value  is  significantly  smaller  than 
those  of  the  materials  whose  mean  value  is  2.65  X 10  3 
K1.  The  decrease  in  ATmax  and  z  is  not  only  brought 
about  by  the  heat  resistance  related  with  the 
substrates,  but  also  by  heat  flow  through  the  10 
dummy  legs  which  were  inevitably  formed  due  to  the 
design  of  the  module.  The  later  especially  effects  the 
performance  of  the  module.  The  ratio  of  heat  flow 
through  the  dummy  legs  should  amount  to  10/112  of 
the  total  heat  flow  through  the  legs.  If  the  legs 
between  the  substrates  create  the  temperature 
difference  between  the  substrates,  the  following 
equations  should  be  developed  because  the 
temperature  difference  should  be  inversely 
proportional  to  the  thermal  conductance. 


AT  max  —  AT  max - 

112-10 

=  673K 

r'c  =  rc-(Ar  max- ATmax) 

=  226.7  K 


Fig.3  Temperature  difference  between  the 
substrates  and  2  a  T/Tc2  values  as  a  function  of 
the  current  through  the  module. 

The  temperature  difference  AT  increases  with  a 
rise  in  the  input  current  and  the  maximum 
temperature  difference  ATmax  of  61.3  °C  appeared  at 


where  ATmax  and  ATc  are  estimated  values  of  the 
maximum  temperature  difference  and  of  the  cooling 
side  temperature  without  the  dummy  legs, 
respectively.  These  values  give  the  figure-of-merit,  z, 
of  2.49xl0  3  K1.  Accordingly,  eliminating  the  dummy 
legs  is  expected  to  improve  the  performance  of  the 
module  to  a  level  equivalent  to  commercially  supplied 
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modules.4) 

Figure  4  shows  the  dependence  on  the  input  power 
of  the  heat  absorption  and  the  coefficient  of 
performance  (COP)  at  the  temperature  difference  of  0, 
15,  30  and  45  °C.  It  was  found  that  the  module 
produces  a  maximum  heat  absorption  Qmax  of  0.36  W 
at  the  input  current  of  110  mA.  This  result  indicates 
that  the  module  has  an  enough  ability  of  heat 
absorption  to  utilize  it  as  a  cooling  module  for  electric 
devices  such  as  laser  diodes. 


Input  power  (W) 


Fig.4  Dependence  of  the  cooling  power  and  COP 
on  input  power 


Current  (mA) 


Fig.5  Relationship  between  input  current 
and  voltage. 

The  input  voltage  increases  nearly  in  proportion  to 
the  increase  of  the  input  current  as  shown  in  Fig.5. 
The  maximum  voltage,  which  is  significant  for  the  use 


of  the  module  as  a  electric  device,  is  6.7  V  at  the 
maximum  current.  The  voltages  was  corrected 
neglecting  the  term  of  Seebeck  effect,  the  value  of  a 
times  AT  and  the  internal  electric  resistance  of  the 
module  is  about  50  Q.  which  is  calculated  from  the 
corrected  voltages.  The  values  of  the  voltage  and 
current  imply  that  the  module  can  be  powered  by  the 
same  electric  power  source  that  supplies  voltage  to 
ordinary  electric  devices,  which  usually  range  from  1.5 
V  to  12  V. 

Conclusions 

The  manufacturing  process  and  technology  to 
prepare  millimeter  sized  miniature  module  in  which 
the  elements  with  leg  dimensions  of  120  pm  x  120  pm 
and  a  heights  of  600  pm  are  included  has  been 
established.  It  is  certain  that  the  process  is  suitable 
for  mass  production.  The  module  which  was  fabricated 
using  the  process  had  suitable  performances  as  a 
cooling  device  for  applying  to  electric  devices. 
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Abstract  —  Peltier  current  lead  was  proposed  to  reduce  heat 
teak  from  the  current  lead.  The  temperature  of  the  hot  side  of 
semiconductors  was  kept  to  be  a  room  temperature  and  the  liquid 
nitrogen  was  used  to  cool  the  system  in  the  experiment.  The  ex¬ 
periment  confirmed  the  principle  of  the  Peltier  current  lead,  and 
the  reduction  of  the  heat  leak  is  calculated  to  be  30  %  for  the  liq¬ 
uid  helium  system  and  40  %  for  the  liquid  nitrogen  system.  We 
also  proposed  a  new  current  lead  system  which  is  composed  of 
semiconductors  and  high  temperature  superconducting  material 
(HTS).  This  idea  bases  on  the  functionally  gradient  material 
(FGM),  and  the  HTS  is  connected  to  the  semiconductor  directly. 
The  temperature  of  the  hot  side  of  semiconductor  is  kept  to  be  the 
liquid  nitrogen  temperature,  the  temperature  of  HTS  can  be  ex¬ 
pected  to  be  lower  than  77  K.  Therefore,  we  can  expect  high  cur¬ 
rent  capacity  of  the  HTS  and/or  high  stability  of  the  HTS.  We  use 
BiSb  as  a  N-type  semiconductor  and  BiTe  as  a  P-type  semiconduc¬ 
tor  in  the  experiment,  and  the  temperature  of  the  cold  side  of  the 
semiconductor  is  73  K  in  this  experiment. 

I.  INTRODUCTION 

Peltier  current  lead  was  proposed,  and  the  P-type  and  N- 
type  semiconductors  made  of  BiTe  were  kept  at  the  hot  side  of 
room  temperature  side  in  the  demonstration  experiment.  The 
temperature  difference  between  the  high  and  low  temperature 
sides  of  the  semiconductors  was  around  100  K,  which  confirmed 
the  principle  of  the  Peltier  current  lead  [1].  A  superconducting 
magnet  system  includes  a  room  temperature  power  supply  and 
a  low  temperature  magnet,  which  creates  a  temperature  differ¬ 
ence  in  the  electric  circuit.  This  can  be  dealt  with  by  using  an 
thermoelectric  element  take  the  Peltier  current  lead.  Analyzing 
and  numerical  calculations  gave  theoretical  results  that  con¬ 
firmed  the  original  experimental  findings  [2].  While  liquid  ni¬ 
trogen  was  used  as  a  coolant  in  the  experiment,  resulting  in  a 
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40  %  reduction  in  the  heat  leak  from  the  current  lead,  the  esti¬ 
mated  reduction  in  a  liquid  helium  superconducting  system 
would  be  about  30  %.  If  the  system  did  not  use  a  coolant,  the 
Peltier  current  lead  would  be  even  more  effective. 

Electric  power  consumption  increases  when  the  semicon¬ 
ductors  are  inserted,  but  the  efficiency  of  the  electric  power  is 
improved  ten  times  because  the  heat  leak  is  reduced  and  the 
efficiency  of  refrigerator  is  low.  Since  A  cooling  system  is  not 
cheap,  the  Peltier  current  lead  can  reduce  not  only  the  running 
costs  but  also  the  instrument  costs  of  the  system.  It  has  an  ac¬ 
tive  element,  i.e.  its  thermoelectric  effect.  Moreover,  since  the 
thermal  conductivity  of  BiTe  is  only  0.3  to  0.5  %  that  of  copper 
around  room  temperature,  so  even  if  the  current  of  the  current 
lead  is  zero,  the  heat  leak  is  reduced.  This  is  a  passive  effect. 

A  high  temperature  superconductor  (HTS)  has  recently  been 
used  in  so-called  HTS  current  leads  [3].  It  is  a  passive  element, 
i.e.  the  thermal  conductivity  of  HTS  material  is  currently  about 
0. 1  %  that  of  the  copper  below  77  K,  reducing  the  occurrence 
of  the  heat  leak  from  77  K  to  the  temperature  of  liquid  helium. 
The  conductivity  of  HTS  is  of  the  same  order  as  that  of  the 
semiconductor  in  this  temperature  range.  While  BiTe  is  a  good 
semiconductor  material  near  room  temperature,  i.e.  a  BiTe  semi¬ 
conductor  offers  low  thermal  conductivity,  high  electrical  con¬ 
ductivity  and  high  thermoelectric  power,  other  semiconductors 
and/or  multistage  elements  are  needed  because  the  low  tem¬ 
perature  side  of  the  semiconductor  reaches  around  200  K  in  the 
maximum  temperature  difference  operation.  BiSb  is  a  good  N- 
type  semiconductor  material  in  low  temperatures  and  it  is  con¬ 
nected  with  HTS  [4],  BiSb  also  has  a  magnetic  field  effect,  so 
its  performance  improves  [4]  when  a  magnetic  field  is  applied. 

A  number  of  HTS  materials  has  been  developed  and  stud¬ 
ied  and  Bi-2223  is  one  of  the  best  HTS  material  for  the  current 
lead.  All  materials  of  the  semiconductor  and  HTS  are,  there¬ 
fore,  based  on  Bi  alloy  designed  for  temperature  from  room 
temperature  to  77  K.  Yamaguchi  et  al  [5]  proposed  a  new  cur¬ 
rent  lead  concept  based  on  functionally  gradient  material  (FGM). 
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Low  temperature  experiments  were  needed  to  realize  this  con¬ 
cept.  We  conducted  and  analyzed  these  low  temperature  ex¬ 
periments,  where  the  hot  temperature  side  of  the  semiconduc¬ 
tors  was  set  at  the  temperature  of  liquid  nitrogen. 

II.  Experimental  set  up 

Figure  1  shows  the  experimental  device.  We  used  liquid 
nitrogen  to  keep  the  temperature  constant,  on  the  hot  tempera¬ 
ture  side  of  the  semiconductors  which  were  connected  to  the 
immersed  copper  plate  electrodes  by  low  temperature  solder. 
The  semiconductors  were  set  in  a  vacuum  vessel  with  a  vacuum 
of  2.0xl0"6  torr  for  thermal  insulation.  The  N-type  semicon¬ 
ductor,  made  of  BiSb,  was  12  mm  diameter  and  10  mm  length, 
the  P-type  semiconductor,  a  made  of  BiTe,  and  has  a  cross  sec¬ 
tion  of  13x13  mm  and  the  length  of  10  mm.  The  transport  coef¬ 
ficients  of  these  semiconductors  and  the  copper  near  77  K  are 
listed  in  Table  1,  a  the  thermoelectric  power,  K  the  thermal  con¬ 
ductivity  and  t|  the  electrical  resistivity.  The  thermal  conduc¬ 
tivity  of  copper  is  increases  with  a  decrease  in  temperature  and 
reaches  about  1200  W/m/K  near  20  K.  The  thermal  conductiv¬ 
ity  of  the  semiconductors  decreases  with  the  decreasing  tem¬ 
perature  but  no  more  than  30  %.  The  electrical  resistivity  of 
copper  decreases  with  a  decrease  in  temperature  and  reaches 
saturation  of  0.0002  to  0.0001  p£2m  below  20  K,  while  the  re¬ 
sistivity  of  the  semiconductors  increases  with  a  decrease  in  tern- 


Cryostat 


Fig.l.  Experimental  device.  Semiconductors  are  set  in  a 
vacuum  vessel  for  thermal  insulation.  The  temperature 
of  the  hot  side  of  the  semiconductors  is  kept  at  the  tem¬ 
perature  of  the  liquid  nitrogen. 


perature  without  reaching  saturation.  Since  the  low  tempera¬ 
ture  sides  of  the  two  semiconductors  are  connected  by  a  flex¬ 
ible  copper  cable,  its  temperature  is  lower  than  that  of  the  liq¬ 
uid  nitrogen.  The  performances  and  the  cold  temperatures  of 
BiTe  and  BiSb  are  different  from  each  other,  but  this  difference 
is  not  so  big  because  the  thermal  conductivity  of  the  copper 
cable  is  high. 

Temperatures  were  measured  by  Type  C  thermocouples, 
directly  connected  to  the  electrodes  by  the  low  temperature  sol¬ 
der,  and  voltages  were  measured  by  the  thermocouples  cable. 
Electrical  current  is  controlled  by  the  power  supply  with  an 
accuracy  of  3  digits. 

III.  Experimental  result  and  calculation 

Figure  2  shows  the  voltages  of  the  semiconductors  at  dif¬ 
ferent  currents.  The  voltages  were  fairly  proportional  to  the 
currents.  The  semiconductor  resistance  accounted  for  the  main 
part  of  their  inclines.  Others,  small  factors  were  the  electrode 
contact  resistance  measured  at  3  to  6  p£2,  the  copper  electrode 
resistivity  is  quite  small  (see  Table  1)  and  the  thermoelectric 
voltages  can  be  estimated  from  Table  1.  These  estimations  in¬ 
dicate  that  the  main  part  of  the  inclines  come  from  the  resis¬ 
tance  of  the  semiconductors.  The  estimated  semiconductors 
resistances  was  132  (ill  for  BiTe  and  83  |iO  for  BiSb. 

Figure  3  shows  the  measured  temperatures  of  the  semicon¬ 
ductors  at  different  currents.  Measured  in  the  center  of  the  cop¬ 
per  plate  electrodes,  the  lowest  temperature  of  BiTe  was  oc¬ 
curred  at  a  current  of  30  to  40  A,  while  the  lowest  temperature 
of  BiSb  did  not  materialize  over  the  current  range  of  our  ex¬ 
periment.  The  temperature  difference  between  the  hot  and  the 
cold  side  was  greater  with  BiSb  than  with  BiTe,  which  makes 
BiSb  a  better  material  for  the  temperature  range  of  our  experi- 


0  10  20  30  40  50  60  70 

Current  (A) 

Fig.2.  Currents  and  voltages  of  the  semiconductors. 
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Table.! 


Transport  coefficients  of  BiTe,  BiSb  and  copper  near  77  K. 


Current  (A) 

Fig.3.  Current  versus  the  low  temperatures  of  semiconductors 
in  the  experiment. 


ment. 

Theoretically,  the  optimum  current  IQpt,  i.e.  the  maximum  tem¬ 
perature  difference  between  two  sides  of  a  semiconductor,  is 


given  by 

where  Tc  is  the  temperature  of  the  cold  side  i.e.,  T^  is  the  tem¬ 
perature  of  the  hot  side,  almost  77  K  in  our  experiment;  and  qc 
is  the  heat  flux  to  the  cold  side.  The  other  parameters  are  de¬ 


fined  by 


(2) 


KT| 


(3) 

(4) 


where  Ke  is  the  thermal  conductance,  re  is  the  electrical  resis¬ 
tance,  Z  is  the  figure  of  merit,  S  is  the  cross  section  area  of  the 
semiconductor,  and  1  is  its  length. 

The  optimum  current  was  calculated  to  use  Table  1,  and 


was  about  43  A  for  the  BiTe  and  140  A  for  the  BiSb.  The  tem¬ 
perature  of  the  cold  side  of  semiconductor  is  a  function  of  cur- 

<5) 

rent  and  given  by 

where  I  is  the  current  of  the  semiconductor. 

In  order  to  calculate  the  temperature  of  the  cold  side,  we 


Th=77K 

(6) 

qc=Rintl2 

(7) 

assumed  the  followings; 

where  Rjnt  is  the  total  resistance  of  the  cold  side  of  the  semi¬ 
conductors. 

We  measured  the  voltage  of  the  copper  cable  in  the  experi¬ 
ment,  and  the  result  is  Fig.  4.  Rjnt  could  be  estimated  as  38.8 
Having  determined  the  other  parameters  of  Eq.  (5)  based 
on  the  coefficients  of  Table  1,  we  could  finally  calculate  the 
temperature  of  the  cold  side  of  the  semiconductors  at  different 
currents.  See  Fig.  5.  The  lowest  temperature  of  BiTe  was  ob¬ 
tained  at  a  current  of  30  A,  while  the  lowest  temperature  of 
BiSb  had  not  been  obtained  at  the  upper  end  of  the  current  range 
of  our  calculation.  While  the  graphs  of  the  measured  tempera¬ 
tures  in  Fig.  3  are  very  much  like  the  graphs  of  the  calculated 
temperature  in  Fig.  5,  however,  the  absolute  temperature  val¬ 
ues  are  different. 

One  reason  for  this  difference  is  the  copper  cable  connection 
between  two  semiconductors  .  Its  thermal  conductivity  is  high, 
so  the  BiSb  would  pump  out  the  heat  flux  from  the  BiTe  side 
through  the  copper  cable.  Because  of  this,  the  assumption  of 
Eq.  (7)  is  not  suitable  or  the  values  of  the  Rjnt  is  not  the  same 


Current  (A) 

Fig.4.  Currents  and  voltage  of  the  copper  cable. 
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Fig. 5.  Currents  and  calculated  temperature  on  the  cold  side  of 
the  semiconductors. 

for  the  two  semiconductors.  The  transport  coefficients  (ther¬ 
moelectric  power,  electrical  resistivity  and  thermal  conductiv¬ 
ity  in  this  study)  are  temperature-dependent,  so  we  should  ana¬ 
lyze  a  nonlinear  equation. 

IV.  Discussion  and  conclusion 

Both  the  P-type  BiTe  and  N-type  BiSb  semiconductors  work 
below  the  temperature  of  liquid  nitrogen,  but  their  performances 
are  different.  In  an  actual  current  lead,  the  semiconductors  are 
individually  connected  to  the  HTS  component,  and  thus  ther¬ 
mally  insulated.  This  will  simulate  our  experiment  and  the  next 
experiments  by  inserting  the  HTS  component  into  the  cold  side 
of  the  two  semiconductors.  With  the  thermal  conductivity  of 
HTS  material  only  absent  0. 1  %  that  of  copper  below  77  K,  it 
will  be  easy  to  thermally  insulated  the  two  semiconductors  even 
if  we  use  only  a  short  HTS  component.  We  will  also  improve 
the  shape  of  the  semiconductors  to  take  into  account  that  the 
optimum  currents  of  BiTe  and  BiSb  are  so  different  from  each 
other,  and  that  this  reduces  the  overall  performance  of  the  Peltier 
current  lead. 

The  BiTe  and  BiSb  materials  were  not  optimized.  BiTe  is 
would  have  been  most  efficient  around  room  temperature,  and 
the  BiSb  sample  was  hand  made  with  less  than  optimal  for  the 
doping  material  and  density.  Having  used  these  multi-crystal 
materials,  we  should  also  consider  using  single-crystal  mate¬ 
rial. 

On  the  other  hand,  multi-crystal  materials  have  been  de¬ 
scribed  with  higher  performance  atomic  ratios  than  Bi  and  Sb 
(88  %  and  12  %).  These  materials  have  a  magnetic  field  effect, 


and  the  magnetic  field  effect  should  improve  overall  perfor¬ 
mance. 

With  the  high  temperature  on  the  hot  side  of  the  HTS  mate¬ 
rial  being  brought  down  from  77  K  by  the  semiconductors,  its 
current  capacity  is  increased  and/or  its  stability  improved.  Us¬ 
ing  the  parameters  from  the  references,  the  temperature  drop 
was  calculated  to  have  been  7  to  12  K  for  BiTe  and  BiSb  at 
optimal  currents.  The  drop  in  temperature  is  more  effective  to 
use  HTS. 
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We  bring  to  your  notice  a  novel  physical  point  of  view 
on  the  Peltier  effect  which  is  appropriate  for  any  type  of 
contact.  Peltier  heating  or  cooling  are  the  work  of  build-in 
contact  electric  and  valence  forces  on  moving  charges  and 
the  generation  (or  recombination)  in  space  charge  region. 

Introduction 

The  Peltier  effect  is  usually  expressed  as  (see  Fig.  1): 


12 


3 

Figure  1:  Junction  for  Peltier  effect. 


Q  =  ( n,  -  n 2)j,  (l) 

where  Q  is  the  heat  at  junction  (when  Q  >  0  we  have 
heating,  when  Q  <  0 — cooling),  j — the  electric  current, 
111,2 — the  Peltier  coefficients  of  the  first  and  second  mate¬ 
rials. 

For  non-degenerate  electrons  (n)  and  holes  (p) 

n n,p  =  “F“  [(#n,p  “H  5/2 )T  —  fin, p]  •  (2) 

Here  T  is  the  temperature,  pn>p — the  chemical  potentials 
of  the  electrons  and  holes  which  are  measured  from  the 
botton  of  the  conduction  band  and  the  top  of  the  valence 
band  respectively  (— fin~^p  =  £g — the  band  gap),  e — hole 
charge. 

Dependence  of  the  momentum  relaxation  times  rn>p  from 
energy  en,p  are  given  by: 

Tn,p{£)  =  Tn°l  ^jr)9n’P  ■  (3) 

For  degenerate  gases  of  charge  carriers 

1  7T2  T 2 

nn>p  =  T-^-(9n,P  +  3/2) -  (4) 

e  o  Mn,p 

For  a  physical  interpretation,  Eqs.  (2)  and  (4)  are  usually 
rewritten  as: 

n n,p  —  T“  [{z}nyp  ~  fin,p\  (5) 


3 


Figure  2:  Heating  of  metal-n-type  semiconductor  contact. 


where 


/  \  =  £  Tn,P(£)g5/2%^& 

n,P  £rnA^d-^de 


are  the  average  kinetic  energies  in  the  flow.  They  are  mea¬ 
sured  (as  pn,p)  from  the  bottom  of  the  conduction  band 
and  the  top  of  the  valence  band,  are  distribution  func¬ 
tions.  One  usually  interprets  —fin,p  as  the  potential  ener¬ 
gies  of  the  electrons  and  holes, 


(£>  = 


(g  +  5/2)T 
M  +^(9  +  3/2)^ 


\lA  »  T,  ix  <  0, 

ix  »  T,  n>  0. 


(6) 


For  a  demonstration  of  the  physics  meaning  of  the  Peltier 
effect  consider  usually  a  metal-n-type  semiconductor  con¬ 
tact  (Fig.  2).  The  surplus  the  electron  energy  in  a  semi¬ 
conductor  (as  compared  with  metal)  is  As  =  (s)  -  \xn  — 
(q  +  5/2 )T  -  Hn  and  Ili  -  U2  = 

Unfortunately  this  consideration  involves  difficulties: 


1.  What  does  the  potential  energy  for  degenerate  gas 
of  charge  carriers  mean? 

2.  About  what  energy  must  we  speak  when  we  have  a 
p-n  or  a  metal-p-type  semiconductor  junction? 

3.  Where  in  this  scheme  do  the  work  of  electrostatic 
force  contribute? 

4.  Taking  into  account  that  in  equilibrium  (s)  -  \l  may 
be  different  in  different  parts  of  the  junction  (Fig.  3), 
the  scheme  which  was  stated  above  is  not  under¬ 
standable! 
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Figure  3:  Contact  in  equilibrium  (j  =  0) 


Peltier  effect  from  the  new  physics  point  of  view. 
Actually,  in  p-p  or  n-n  junctions  it  is  necessary  to  calculate 
the  change  of  the  kinetic  energy  which  is  measured  from  a 
common  Fermi  level. 

In  a  p-n  junction  it  is  necessary  to  talk  about  electron- 
hole  generation  or  recombination  from  levels  of  the  kinetic 
energies  for  electrons  and  holes  again  measured  from  a 
common  Fermi  level. 

But  it  is  possible  to  present  another  physical  picture  of 
Peltier  effect. 

Let  us  consider  an  n-n  non-degenerate  contact  (Fig.  4).  In 


£o 
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If  we  have  an  n+-n  or  a  p+-p  junction  (see  Fig.  2),  the 
Peltier  effect  is  unaffected  by  the  properties  of  the  con¬ 
tact,  but  is  depended  only  on  the  parameters  of  the  non¬ 
degenerate  semiconductor: 

Ili  -  n2  =  (10) 

e 

and,  of  cource,  it  is  improper  to  talk  about  the  “changing” 
of  some  physical  value  on  contact. 

But,  if  we  have  a  contact  of  two  degenerate  n-  or  p-type 
semiconductors  (or  two  metals)  the  value  of  Peltier  ef¬ 
fect  will  be  depend  on  properties  of  the  contact  again  (see 
Fig.  5  and  Eq.  (6))  and  it  is  possible  to  talk  about  work 


-eo 


Figure  5:  Contact  of  two  metals. 

of  a  built-in  electric  field  and  a  valence  force.  At  the  same 
time  it  is  necessary  to  keep  in  mind  that  for  a  degenerate 
electron  gas 

7r2  T2  (E)  —  Tq 


Figure  4:  Nondegenerate  contact.  £o — vacuum  level,  x 
and  x°  are  workfunctions  and  electron  affinity. 


this  case  (see  Eq.  (5)) 


iii  —  n2  — 


Pl  ~  P'2 
e 


=  -  (xi  “  Xi  “  X2  +  xl) 
e 


(7) 

(8) 
(9) 


where  tpc  —  (xi  —  y2 ) /e  is  the  contact  voltage  difference 
and  Aec  =  is  the  work  of  a  valence  force.  It  means 

that  Peltier  cooling  or  heating  are  connected  with  the  work 
of  a  built-in  electric  field  Ein t  (jEint)  and  valence  forces  Fv 

For  a  p-p  non-degenerate  junction  this  picture  is  preserved. 


(in  the  case  of  a  non-degenerate  gas  jE  a  §  [T(E)  -  To]) 
and  III  -n2  =  £(q  +  3/2)^(Mi  ~^)/e  (compare  with 
Eq.  (7)). 

It  is  interesting  to  note  that  in  equilibrium  ( j  =  0)  (e)i 
measured  from  a  common  Fermi  level  may  be  greatter  or 
less  then  (e)2- 

Now  let  us  examine  a  p-n  junction  (Fig.  6) .  The  difference 
between  the  Peltier  coefficients  in  this  situation  for  non¬ 
degenerate  media  is 

ni  -n2  =  -£e±1±p,  (11) 

e 

This  difference  corresponds  to  the  energy  liberated  (or  ab¬ 
sorbed)  under  the  recombination  (or  generation).  But 
this  pattern  is  correct  only  if  the  surface  recombination 
is  strong  enough.  Otherwise,  when  the  surface  recombina¬ 
tion  velocity  s  <  where  mp  is  the  effective  hole 
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Figure  8:  Heterocontact  under  condition  e<pk  =  Aec. 


mass  and  a  is  the  length  of  p-type  part  of  contact,  the  heat¬ 
ing  is  reduced  into  cooling  (see  Fig.  7).  This  picture  was 
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Figure  7:  p-n  junction  without  recombination. 

described  in  more  detail  by  Gurevich,  et.  a.l.  in  Ref.  [1]. 

In  conclusion,  note  that  it  is  possibly  the  case  (and  for 
non-degenerate,  and  for  degenerate  contact)  that  a  hetero¬ 
junction  exists,  but  the  Peltier  effect  is  absent  (see  Fig.  8). 
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Abstract 

The  paper  presents  the  conceptual  design  of  a  novel  ther¬ 
moelectric  cooler  and/or  heater  utilizing  the  heat  transfer  ef¬ 
fect  due  to  forced  convection.  A  porous  thermoelectric  con¬ 
verter  combined  with  a  reciprocating  flow  system  in  which 
the  flow  direction  of  air  passing  through  the  element  is  re¬ 
versed  after  regular  intervals  is  proposed.  This  flow  system 
in  effect  makes  the  thermal  conductivity  insignificant  and 
contributes  toward  the  achievement  of  a  high  efficient  cooler 
and/or  heater.  A  one- dimensional  numerical  analysis  is  per¬ 
formed  to  examine  the  detailed  characteristics  of  the  porous 
thermoelectric  heater  by  systematically  varying  the  relevant 
thermo-fluid  parameters.  In  the  calculation,  for  a  fixed  am¬ 
bient  temperature  of  27  [degree  C],  dependences  of  the  flow 
velocity,  material  porosity,  and  input  power  on  the  system 
performance  axe  clarified.  Moreover,  a  series  of  computation 
is  carried  out  in  order  to  obtain  the  system’s  COP. 


N  omenclat  ure 


A 

surface  area  of  an  equivalent  particle 

[i/ 

m] 

Cp 

specific  heat  of  gas 

[kJ/kgK] 

Cs 

specific  heat  of  solid 

kJ /kgK' 

dp 

diameter  of  solid  particle 

N 

h 

heat  transfer  coefficient 

[W/rrrK' 

he 

heat  transfer  coefficient  at  the  end  surface 

W/m2K 

3 

electric  current  density 

A/m2] 

P 

input  power  (=j  x  VBat) 

W] 

Q 

heat 

W/m2] 

Qh 

absorbing  heat 

W/m2] 

Te 

internal  specific  electric  resistance 

Qm] 

T 

temperature 

K 

To 

inlet  air  temperature  (  =  300  ) 

K 

Tex 

outlet  air  temperature 

K 

T  max 

average  temperature  in  porous  medium 

K 

AT 

temperature  difference  (  =  T+—  T~  ) 

K 

AT0 

temperature  difference  (  =  Tmax  —  T0  ) 

K 

t 

time 

s] 

u 

apparent  flow  velocity 

m/s] 

VBat 

battery  voltage 

V] 

X 

axial  coordinate 

err 

l 

xe 

thickness  of  thermoelectric  module 

cir 

L 

xp 

thickness  of  porous  material 

cir 

Z 

figure-of-merit  (  =  a2a/Xs  ) 

l/K] 

Greek  Symbols 

a 

Seebeck  coefficient  [ 

V/K] 

6 

control  volume  thickness  f 

cm] 

6 

porosity 

A 

thermal  conductivity  of  gas 

W/mKJ 

P 

density 

kg/m3] 

a 

electric  conductivity  (  =  l/re  ) 

7 

m] 

r 

half  cycle 

s] 

<t> 

coefficient  of  performance  (COP) 

Superscripts  and  Subscripts 


+  :  hot  junction 

—  :  cold  junction 

J  :  Joule  heat 

P  :  Peltier  heat 

s  :  solid 


Introduction 

On  the  thermoelectric  (TE)  conversion  system,  the  theo¬ 
retical  studies  have  been  executed  to  give  the  technical  bases 
and  to  show  the  most  important  parameter,  figure  of  merit  Z. 
Thereafter  the  extensive  studies  have  been  directed  toward 
the  development  of  materials  in  order  to  separate  the  heat 
and  electric  conduction  processes  rather  than  the  successive 
effort  so  as  to  improve  the  efficiency  of  the  TE  device  in  the 
light  of  energy  conversion  system. 

The  temperature  differences  are  produced  and  maintained 
by  heat  conduction  for  the  conventional  solid  state  TE  mod¬ 
ules.  However,  it  is  important  to  notice  that  in  the  porous 
TE  modules  the  convective  heat  transfer  is  dominant  rather 
than  the  conduction,  which  may  results  in  a  separation  of 
the  conduction  processes  for  the  heat  and  electric  current 
[1].  The  porous  TE  module  with  the  reciprocating  flow  sys¬ 
tem  in  which  air  is  introduced  alternately  from  both  ends  of 
the  device  with  regular  intervals  is  one  of  the  most  prominent 
schemes  for  the  TE  cooling/heating  system.  For  instance  in 
the  porous  TE  cooler [2],  ambient  air  entering  from  the  one 
end  of  the  device  cools  the  hot  junction  at  the  inlet  surface 
and  releases  the  waste  heat  at  the  another  end  until  the  flow 
direction  changes.  The  air  flowing  in  this  way  effectively  de¬ 
creases  the  temperature  of  the  cooling  region  of  the  device. 
That  is,  this  flow  system  in  effect  makes  the  thermal  conduc¬ 
tivity  of  the  TE  module  insignificant. 

In  this  paper,  on  the  basis  of  the  heat  transfer  mechanism 
of  the  porous  TE  module,  the  theoretical  investigation  of  de¬ 
sign  and  construction  development  of  porous  TE  heating  de¬ 
vise  combined  with  a  reciprocating  flow  system  is  performed. 
Numerical  calculations  are  conducted  to  study  the  effects  of 
the  relevant  parameters,  i.e.,  flow  velocity,  porosity  of  the 
porous  materials,  and  input  power,  on  the  thermoelectrical 
conversion  installed  in  the  reciprocating  flow  system. 

Mathematical  Formulation 

Figure  1  shows  a  schematic  view  of  the  porous  TE  re¬ 
ciprocating  flow  system  and  physical  model  assuming  one¬ 
dimensional  flow  and  heat  transfer.  A  pair  of  porous  TE 
modules  of  thickness  xe  and  porosity  e  are  located  in  an  in¬ 
sulated  channel  with  a  spacing  xp .  Further,  a  plain  porous 
material  of  thickness  xp  with  the  same  porosity  e  as  porous 
TE  modules  is  inserted  in  the  center  space  of  the  device.  In 
this  system,  the  convective  heat  exchange  between  air  and 
porous  medium  is  primarily  important  because  it  leads  to 
a  favourable  working  performance  as  well  as  adverse  heat 
losses  to  the  up-  and  downstream  sides.  Here,  we  assume  the 
porous  medium  are  homogeneous  and  all  the  porous  medium 
,  i.e.,  the  porous  TE  modules  and  the  plain  porous  medium 
at  the  center,  have  the  same  thermal  properties.  The  insu- 
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Figure  1:  Schematics  of  the  system 


lated  channel  is  non-porous  elsewhere.  For  each  TE  module, 
D.C.  power  is  supplied  in  order  to  sustain  a  constant  electric 
potential  between  the  hot  and  cold  junctions.  The  flow  direc¬ 
tion  is  reversed  at  the  regular  intervals  r,  which  represents 
the  half  cycle  of  the  operation.  The  other  assumptions  taken 
are  that: 

•  the  flow  velocity  is  constant  during  each  half  cycle. 

•  the  physical  properties  are  constant. 

The  governing  equations  for  heat  transfer  in  the  system  are 
derived  from  the  conservation  laws  of  energy.  With  the  pre¬ 
ceding  assumptions  the  energy  equation  for  both  gas  and 
solid  phases,  taking  into  account  the  thermoelectric  terms, 
can  be  formulated  as  follows: 

•  Gas  phase  in  free  space 


dT  dT 

pCp—  +  pCpu  — 


d2T 
Xdx 2 


(i) 


solid.  The  terms  in  eq.  (3)  represent  the  conducted  heat  and 
the  Joule  heat  in  the  solid.  The  terms  in  eq.  (4)  represent  an 
energy  balance  between  the  enthalpy  change  of  the  air  and 
the  conducted  heat  into  or  out  of  the  solid. 

The  surface  area  of  an  equivalent  particle  per  unit  volume 
A  can  be  written  in  the  form: 


A  = 


6(1  — e) 

dP 


(5) 


The  heat  transfer  coefficient  h  is  given  by: 


h  =  2  A  (6) 

dp 

where  the  constant  “2”  is  the  Nusselt  number  around  a  sphere 
in  thermo-fluid  mechanics. 

For  the  cold  and  hot  junctions,  located  at  x=xu  £4  and 
x=X2 ,  £3  respectively,  boundary  conditions  axe  given  by  in¬ 
troducing  the  Peltier  heat  terms  into  the  energy  equations 
at  each  junction.  Equations  (3),  (4)  are  integrated  over  the 
control  volume  S  at  x  =  £1,  •  •  • ,  £4: 

•  For  the  cold  junction  at  £=£1 


(1  -  e)pscs 
1  -  € 


dTs 

dt 

dTs 

dx 


+  ^f+Qj  +  Ahe(T-Ts)  (7) 

x+6  ° 


•  For  the  cold  junction  at  £=£4 


(i 


,  dTs 

6)PiC5  — 

1-6 , dZ 
6  s  dx 


+ 

x—6 


Q 


f-  +  Qj  +  Ahe  (T  —  Ta)  (8) 


where  he  represents  the  sum  of  the  heat  transfer  coefficient  of 
the  porous  end  surface  and  h  which  is  the  heat  transfer  coeffi¬ 
cient  between  porous  medium  and  gas  phase,  given  by  eq.(6). 
From  the  detailed  investigation  performed  previously [2],  the 
heat  transfer  coefficient  h  is  much  higher  than  those  at  the 
end  surfaces.  Therefore,  we  assume  that  the  end  surfaces 
have  no  influence  on  the  energy  balance  of  the  porous  TE 
module.  Namely,  he  is  approximated  as: 


•  Gas  phase  in  porous  medium  of  porosity  e 


he  ~  h  . 


(9) 


dT  dT  d2T  . 

epCp~dt  +  pCpU~fa  =  eX^~Ah('T~Ts) 


dx 2 


Thermoelectric  porous  medium  of  porosity  e 

/1  ^  dT°  wd2T° 

(i-€)pscs-^-  =  (l-e)As-^r 

+  Ah(T-Ts)  +  Qj 

Plain  porous  medium  of  porosity  e 


jQ<7»2 

+  Ah{T-Ts ) 


(2) 


(3) 


(4) 


The  terms  in  eq.  (1)  represent  the  energy  balance  between 
the  conduction  and  convective  heat  of  the  air.  The  terms  in 
eq.  (2)  represent  an  energy  balance  between  the  enthalpy 
change  of  the  air  and  the  convective  heat  into  or  out  of  the 


•  For  the  hot  junction  at  £=£2>  £3 

1  -  ,  dTs 

‘‘■‘■St 

1-6  dTs  _  1-6  dT^ 

26  dx  I+£  26  dx  x_6 

--?f  +  Qj  +  Ah(T-T.)  (10) 

2  0 

The  Joule  heat  and  the  Peltier  heat  are  evaluated  in  terms 
of  the  electric  current  density  j  and  the  battery  voltage  V^at 
imposed  on  the  open  circuit  of  the  module.  They  are: 

•  Joule  heat 


Qj  =  j 


1  -  € 

(l-e)(VBat-oA Tsf 


T e  Xe 


(ii) 
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Porous  Medium 


x  [cm] 

Figure  2:  Temperature  distribution  in  the  device  for  various 
power  input 


Current  density  j  [X10*4A/m2] 

Figure  3:  Temperatures  as  a  function  of  current  density  at 
different  battery  voltage  Vsat 


•  Peltier  heat 

Q±p  =  jaTf 

=  (l-eMFsat-aATJar* 
r€  xe 

Results  and  Discussion 

Here,  the  figure-of-merit  of  the  porous  TE  modules  is  as¬ 
sumed  to  be  ZTQ  —  1,  which  is  the  most  likely  performance 
for  future  TE  materials.  Other  relevant  physical  properties 
are  assumed  to  be  the  same  as  for  B^Tes-based  TE  materi¬ 
als. 

The  flow  velocity  u  (  or  the  TE  module  thickness  xe  )  and 
porosity  of  materials  e  are  expected  to  be  the  most  important 
parameters  which  directly  affect  the  device  performance  so 
that  a  series  of  computations  to  systematically  study  their 
influence  was  carried  out.  The  thickness  of  the  porous  TE 
module  xe  and  of  the  porous  material  xp  were  taken  to  be  2.5 
cm  and  5  cm,  respectively.  The  half  cycle  of  the  operation  is 
fixed  to  r=10  s.  During  calculations,  a  relative  convergence 
criterion  of  10-6  was  specified  for  the  iterations  and  an  overall 
energy  balance  of  approximately  1%  (  maximum  4%  )  was 
achieved  for  most  of  the  cases. 


Figure  4:  Temperatures  as  a  function  of  current  density  for 
various  flow  velocity  u 


Figure  2  shows  the  typical  air  temperature  distribution 
developed  within  the  device.  Figure  shows  the  temperature 
profiles  at  the  end  of  a  half  cycle  r  just  before  the  flow  di¬ 
rection  is  reversed.  It  can  be  seen  that  inside  both  porous 
TE  modules,  temperature  distributions  with  steep  gradients 
axe  sustained  and  that  the  portion  with  the  highest  temper¬ 
ature  in  the  device  is  established  along  the  entire  length  of 
the  center  porous  medium  (#=5~10cm).  Air  of  initially  am¬ 
bient  temperature  T0=27  °C  coming  from  the  outside  with 
velocity  0.35  m/s  is  cooled  when  it  reaches  the  cold  junction 
(#i=2. 5cm).  Thereafter,  the  temperature  rapidly  increases 
as  the  air  travels  through  the  porous  TE  module,  until  it 
reaches  the  upstream  hot  junction  (#2— 5cm).  The  air  passes 
through  the  center  porous  medium  with  constant  tempera¬ 
ture  until  it  reaches  the  downstream  hot  junction  (#3= 10cm). 
Here,  the  air  is  further  heated  by  the  Peltier  heat  genera¬ 
tion  before  it  is  cooled  with  distance  xe  from  x  =  #3,  and 
finally  leaves  the  porous  body  with  a  temperature  Tex  at 
#4=12.5cm.  The  heat  conducting  from  the  heating  region 
back  to  the  cold  part  is  markedly  reduced.  Furthermore, 
cold  junctions  located  at  both  ends  of  the  system  are  always 
heated  by  the  inlet  air  of  room  temperature  or  the  exhaust  air 
which  leaves  the  system.  Therefore,  the  hot  junction  whose 
temperature  is  related  to  that  of  cold  junction  through  the 
Seebeck  effect  is  able  to  sustain  a  higher  temperature  than 
that  of  the  conventional  TE  module  without  any  additive 
heat  source  for  the  cold  side. 

Figure  3  shows  the  dependence  of  the  air  temperatures  at 
the  heating  region  and  outlet  on  the  current  density  at  dif¬ 
ferent  battery  voltage  Vsat-  The  “temperature  at  the  heat¬ 
ing  region”  is  the  time  average  of  the  mean  air  temperature 
within  the  center  porous  material.  The  “outlet  temperature” 
is  also  the  time  averaged  temperature  of  the  exhaust  air.  The 
porosity  of  the  material  e,  air  velocity  u:  and  half  cycle  r  were 
kept  constant;  they  were  e=0.5,  u=0.35  m/s  and  r=10  s  ,  re¬ 
spectively.  Temperatures  of  the  air  at  the  heating  region  and 
outlet  increase  parabolically  with  the  increase  in  the  input 
power  P  (=j  x  Vsat )•  The  temperature  difference  between 
the  heating  region  and  outlet  also  increases  with  increasing 
Vsat*  For  lower  input  powers,  temperatures  of  the  heating 
region  and  outlet  take  almost  the  same  value,  however  for 
Vsat- 1?  (x  0.708  V),  temperature  difference  between  them 
becomes  ~  310  °C. 

Figure  4  shows  the  dependence  of  the  temperatures  at 
the  heating  region  and  outlet  on  the  flow  velocity  u.  Tem¬ 
peratures  of  the  air  both  at  the  heating  region  and  outlet  of 
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Figure  5:  Temperatures  as  a  function  of  current  density  at 
different  material  porosity  e 

the  device  decrease  with  increasing  air  velocity.  Contrasting 
with  the  temperature  at  the  heating  region,  that  gradually 
decreases  with  the  increase  in  the  flow  velocity,  the  outlet 
air  temperature  rapidly  decrease  over  the  range  where  the 
air  velocity  is  smaller  than  ~  0.5  m/s.  For  higher  velocity 
greater  than  u=0.5  m/s,  outlet  temperature  asymptotically 
closes  to  the  room  temperature  with  increasing  flow  velocity. 
In  addition,  the  current  density  also  increases  when  the  air 
velocity  increases.  The  reason  is  as  follows.  In  the  calcula¬ 
tion,  the  electric  potential  between  the  hot  junction  and  cold 
electrode  was  kept  constant  during  the  operation.  Therefore, 
even  if  the  amount  of  heat  transferred  by  convection  to  the 
outside  becomes  greater,  the  system  can  compensate  for  such 
a  heat  loss  by  the  “ideal”  power  source  which  would  be  able 
to  infinitely  supply  the  electric  energy  to  the  system. 

Figure  5  shows  the  dependence  of  the  temperature  of  the 
heating  region  and  outlet  on  the  material  porosity  e.  A  larger 
value  of  6  means  that  the  mesh  of  the  porous  medium  is 
denser.  For  6=0.1,  the  temperature  of  air  rises  from  27  °C 
to  167  °C  at  the  heating  region.  The  outlet  temperature  for 
e=0.1  is  52  °C.  The  temperature  of  the  heating  region  gradu¬ 
ally  decreases  with  increasing  porosity  of  the  porous  medium 
while  the  outlet  air  temperature  hardly  decrease.  As  the  cal¬ 
culation  were  carried  out  under  the  condition  of  a  constant 
mass  flow  rate,  the  flow  velocity  inside  the  porous  media  in¬ 
creases  with  the  increase  in  material  porosity  e;  leading  to  a 
stronger  heat  convection  by  the  air  flow. 

Figure  6  shows  both  the  dependence  of  the  rate  of  heat 
release  qh  on  the  electrical  current  density  j  and  COP  of  heat¬ 
ing  mode  for  several  temperature  differences  A T0(=Tma:E  — 
T0).  The  COP  for  the  overall  heating  cycle  ip  in  the  present 
device  is  defined  as: 


Q  1  I  '  '  \r  r  '  I - 1 - - - 1 - ' - '  ( 

0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 


Current  density  j  [Iff5  A/n?  ] 

Figure  6:  ATq  and  COP  (  it=0.35  m/s,  6=0.5,  r=10  s  ) 


tion  temperature,  since  the  cold  junction  temperature  T$ 
plays  a  minor  role  in  evaluating  the  COP  of  the  device. 

The  heating  performance  gradually  decreases  with  respect 
to  the  increase  in  the  temperature  difference  AT0.  Further¬ 
more,  the  result  shows  a  higher  performance  than  that  of  con¬ 
ventional  TE  modules.  This  is  because  in  conventional  TE 
modules  which  consist  of  heat  sink,  TE  module  and  cold  sink, 
significant  thermal  resistances  existing  between  the  heat  sink 
and  the  hot  junction,  and  between  the  cold  junction  and  the 
cold  sink,  can  not  be  avoided.  In  other  words,  in  the  proposed 
device,  the  heat  is  mainly  transferred  by  the  effect  of  convec¬ 
tion,  unlike  in  conventional  TE  modules.  Therefore,  thermal 
resistances  present  among  constituent  items  have  fairly  small 
influence  on  the  device  performance. 

Concluding  Remark 

A  porous  thermoelectric  module  employing  a  reciprocat¬ 
ing  flow  for  heating  system  is  proposed.  A  set  of  basic  equa¬ 
tions  which  governs  the  heat  transfer  within  the  system  is 
solved  numerically.  The  dependence  of  temperatures  of  the 
heating  part  and  outlet  air  on  the  imposed  power,  flow  ve¬ 
locity  of  the  air,  and  the  porosity  of  the  material  is  clarified. 
Moreover,  a  set  of  COP  curves  for  overall  heating  cycle  is 
obtained  through  the  additional  parameterised  calculations. 

Although  discussion  herein  is  just  limited  on  showing 
a  highly  potential  of  the  corresponding  system  as  a  heater 
and/or  cooler,  results  presented  in  the  paper  indicate  that  a 
properly  designed  porous  TE  heater  is  expected  to  be  a  novel 
TE  heating  device  having  markedly  higher  performance  than 
the  conventional  TE  device. 


iP  = 


heat  release 
required  input 


Oh 

P  ’ 


(13) 


where  the  “heat  release”  is  the  heat  transfer  from  the  heating 
region  to  the  ambient  air  and  the  “required  input”  is  the 
electric  power  necessary  to  generate  such  a  heat  relqpse.  In 
the  calculations,  heat  sinks  are  located  on  both  end  surfaces 
of  the  center  porous  medium.  The  rate  of  the  heat  absorption 
is  varied  for  each  calculation  in  order  to  evaluate  the  system 
performance. 

The  device  performance  parameters  to  be  calculated  are 
specified  at  a  constant  inlet  air  temperature  To=30O  K,  con¬ 
trary  to  that  conventionally  specified  at  a  constant  cold  junc- 
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Abstract 

The  usual  practice  of  quality  testing  manufactured  two-stage 
thermoelectric  modules  (TSTM's)  is  to  measure  their 
maximum  temperature  differential  in  a  high-vacuum  system 
using  a  temperature-controlled,  constant  base  plate.  This  is 
very  difficult,  time-consuming,  expensive  and  requires 
sophisticated,  complex  equipment.  As  such,  it  is  not  practical 
to  assure  quality  of  TSTM's  on  a  100%  basis.  Therefore,  it  is 
desirable  to  create  a  new  test  method  for  these  TE  coolers 
which  shortens  test  time  and  minimizes  experimental  error. 

This  paper  describes  the  development  of  a  new  testing  method 
for  TSTM's  which  takes  advantage  of  the  transient  method 
developed  by  Buist  [1]  and/or  the  modified  Harman  [2] 
method  developed  by  Gorodetskiy  [3].  This  method  basically 
consists  of  electrically  isolating  the  bottom  and  top  stages  and 
testing  the  characteristics  of  the  bottom  and  top  stages 
individually  by  auxiliary  wires,  if  needed. 

The  accuracy  and  validity  of  this  test  method  was  developed 
by  pre-characterizing  each  stage  (prior  to  TSTM  assembly)  as 
individual  TE  modules  via  methods  [1]  and  [3].  After  TSTM 
assembly,  the  proposed  new  test  method  was  applied  and 
compared  with  component  test  results.  Although  the  implied 
"modular"  approach  to  TSTM  fabrication  was  applied  to 
validate  results,  this  new  test  method  applies  to  all  TSTM's  if 
auxiliary  wires  are  either  not  needed  or  attachable. 

Introduction 

If  a  TM  has  two  stages  connected  in  series  and  if  top  stage 
current  terminals  are  accessible. or,  at  least,  two  auxiliary 
wires  can  be  attached  thereto,  it  is  possible  to  test  the  top  and 
the  bottom  stages  in  separate  measurements.  To  measure  the 
top  stage  parameters  the  computer-aided  test  system  has  to  be 
connected  to  these  inter-stage  test  points  (or  auxiliary  wires). 
When  the  computer-aided  system  is  connected  to  a  TSTM 
input  terminals  and  the  inter-stage  test  points  are  short- 
circuited,  the  bottom  stage  parameters  can  be  measured. 

It  has  been  previously  shown  by  Lau  [4]  that  although  the 
time  constant  of  a  TE  module  is  doubled  by  being  "heat  sunk" 
(compared  to  a  suspended  module),  the  measured  figure  of 
merit,  Z,  of  a  typical  TE  module  via  the  Transient  Method  [1] 
agreed  within  0.8%.  Therefore,  for  practical  purposes,  it  was 
inferred  through  these  tests  that  the  correction  factors  due  to 
the  dormant,  passive  stage  would  be  quite  small  in  most 
cases.  This  observation  was  the  key  to  accurately  testing  the 


individual  stages  of  a  TSTM  using  either  method  [1]  or  [3]. 
That  is,  it  would  be  only  necessary  to  isolate  the  test  current 
to  either  stage,  top  or  bottom.  These  two  separate  tests  could 
then  be  used  to  ascertain  the  overall  quality  of  the  TSTM. 

Correction  Factor  Analysis 

The  resistance  of  the  auxiliary  wires  must  be  considered  in 
the  measurement  of  the  figure  of  merit,  Z,  and  resistance,  R, 
of  the  top  and  bottom  stages.  In  order  to  have  negligible 
corrections  for  resistance  of  the  wires,  their  length/area  must 
be  small  enough  to  have  negligible  resistance  compared  with 
the  resistance  of  each  stage.  Therefore,  if  auxiliary  wires  are 
needed,  they  should  be  only  long  enough  for  connecting  with 
Kelvin  clips. 

In  both  test  procedures,  test  current  does  not  flow  through  one 
of  the  stages.  The  additional  heat  exchange  of  this  dormant 
stage  with  environment  has  to  be  taken  into  account,  when 
the  corrections  to  measurement  results  are  made.  The 
corrections  to  Harman  expression  can  be  made  as  in  [3], 
where  the  calculations  were  performed  by  thermoelectric 
module  (TM)  energy  balance  analysis  in  steady  state 
conditions.  When  a  test  current  flows  through  the  stage 
under  test,  the  Joule  heating,  thermal  conductance  of  air,  heat 
flow  through  wires,  and  heat  exchange  with  environment  by 
radiation  and  convection  were  taken  into  account  using  an 
energy  balance  analysis.  For  this  purpose,  a  simultaneous 
solution  of  the  following  two  heat  exchanger  heat  balance 
equations  must  be  obtained: 

-  Sm*I*Tc  +  I2*R/2  +  (K+Ka)*AT  +  Hv*(Ta-Tc)  =  0  (1) 

Sm*I*Th  +  I2*R/2  -  (K+Ka)*AT  -  Hn*(Th-Ta)  =  0  (2) 

Equations  (1)  and  (2)  are  related  to  cold  and  hot  heat 
exchangers,  respectively.  The  symbols  used  in  the  equations 
are  defined  as  follows: 

Sm  is  the  Seebeck  coefficient  of  the  stage  under  test  defined 
by:  Sm  =  N*  (|Sn|+|Sp|)  where  |Sn|  and  |Sp|  are  the  absolute 
values  of  n-type  and  p-type  element  Seebeck  coefficients, 
respectively.  N  denotes  the  number  of  thermocouples  in  the 
stage  under  test.  R  and  K  are  stage  resistance  and  thermal 
conductance,  respectively.  Ka  designates  the  thermal 
conductance  of  air,  sandwiched  between  stage  ceramics.  I  is 
the  test  current.  AT  =  Th  -Tc.  Tc,  Th  and  Ta  are  the 
temperatures  of  cold  and  hot  heat  exchangers  and  of  the 
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environment,  respectively.  Hv  and  Hn  are  effective  heat 
conductances  of  heat  exchange  processes  between  a 
corresponding  exchanger  and  environment. 

Effective  heat  exchange  coefficients  due  to  convective  and 
radiative  processes  between  the  heat  exchange  coefficient  due 
to  heat  contact  between  the  plate  and  lead  wires  is  also 
included  in  Hn  as  the  sum,  or  effective  overall  coefficient  of 
all  of  these  effects.  It  is  considered,  that  lead  wires  have  heat 
exchange  with  environment  due  to  convective  and  radiative 
processes  and  current  wires  Joule  heating  could  be  neglected. 
If  the  current  were  reversed,  one  would  have  to  interchange 
the  position  of  Hv  and  Hn  in  (1)  and  (2).  When  the  top  stage 
of  the  TSTM  is  under  test,  its  Hv  will  be  the  same  as  for  a 
usual  thermoelectric  module.  However,  Hn  includes  an 
additional  heat  exchange  owing  to  the  passive  bottom  stage. 
When  the  bottom  stage  of  the  TSTM  is  under  test,  Hn  will  be 
the  same  as  for  a  usual  thermoelectric  module  and  Hv  will 
include  an  additional  heat  exchange  owing  to  the  passive  top 
stage. 

Hv  and  Hn  can  be  estimated  by  methods  described  by  Dulnev 
[5],  if  all  heat  exchanger  dimensions  and  distances  between 
its  outer  surface  and  thermostat  inner  walls  are  known.  Let 
us  denote  temperature  difference  Th  -  Ta  by  ATh,  Ui  =  I*R  + 
Us  and  Us  =  Sm*AT;  and  point  out,  that  the  difference  Ta  - 
Tc  is  equal  to  AT  -  ATh.  Subtracting  (1)  from  (2)  one  can 
obtain: 

Z=  Us  *  Ta  *  (1+  (Hvf AT- AThHHn AThl  (3) 
Ta(Ui-Us)  Ta+ATh-AT/2  (2*(K  +  Ka)AT) 

Where  denoted  by  Z  a  TM  figure  of  merit  in  air  is  equal  to: 

Z  =  Sm2/(R*(K+Ka))  (4) 

The  equation  (3)  differs  from  the  Harman  expression  by  two 
correction  factors  that,  by  first  approximation,  may  be  taken 
as  1.  The  first  of  them  is  a  ratio  of  environment  temperature 
Ta  to  stage  under  test  mean  temperature,  that  is  equal  to 
Ta+ATh-AT/2.  The  second  one  takes  properly  into  account 
the  influence  of  heat  exchange  between  the  stage  under  test 
and  environment  on  stage  figure  of  merit.  A  following 
equation  can  be  obtained  from  the  sum  of  (1)  and  (2): 

ATh  =  (Hv*AT  +  I*Ui)  /  (Hv+Hn)  (5) 

A  stage  resistance,  R,  that  was  measured  at  mean  TM 
temperature,  is  to  be  related  to  a  temperature  of  295K  by 
temperature  coefficient  of  TM  resistance  that  is  equal  to  0.45 
percent/K  : 

R  =  ((Ui-Us)/I)*(l+0.0045*(295-Ta-ATh+AT/2))  (6) 

By  the  first  approximation,  the  values  AT  and  ATh  in  (6)  may 
be  taken  as  zero. 

By  successive  approximation,  the  Seebeck  coefficient  Sm  can 
be  calculated  from  expression  (4)  if  the  heat  conductivity  of 
TM  elements  and  air,  and  dimensions  of  all  TM  parts  are 
known.: 

Sm  =  (Z*R*(K  +  Ka))1/2  (7) 


Thus,  the  temperature  difference  AT  can  be  calculated  from: 

AT  =  Us/Sm  (8) 

By  successive  approximation,  the  ATh,  Z  and  R  values  can  be 
calculated  from  expressions  (5),  (4)  and  (6),  respectively. 
The  iterative  scheme  converges  to  unique  solution  rapidly  for 
a  TSTM  stage. 

All  numerical  calculations  were  performed  for  a  TM 
suspended  on  wires  by  Kelvin  clips  and  located  in  a  space  of 
the  passive  thermostat.  The  resistance  of  the  auxiliary  wires 
was  taken  equal  to  zero.  Calculations  were  performed  on  a 
TSTM  fabricated  from  a  TM,  model  TB-83-1.0-1.3  as  the 
bottom  stage  and  a  TM,  model  TB-31-1.0-1.3  as  the  top 
stage.  These  results  indicated  that  the  as-measured,  non- 
corrected  Z  was  reduced  by  approximately  0.7  percent  and  2.3 
percent  for  the  bottom  stage  and  top  stage,  respectively 

It  was  also  determined  that  the  vacuum  value  of  the  TM 
figure  of  merit  can  be  obtained,  if  the  corrected  value  of  Z  is 
multiplied  by  a  factor  (1+Ka/K). 

Experimental 

A  set  of  thermoelectric  modules  were  designed  and 
manufactured  by  Cryotherm,  St.  Petersburg,  Russia  especially 
for  experimentally  verifying  the  TSTM  test  procedures 
described  in  this  paper.  The  module  designated  for  the  top 
stage  was  a  31  couple  module  with  TE  pellets  1.0  x  1.0mm  in 
cross-section  and  1.3mm  tall  (model  TB-31-1.0-1.3).  The 
only  difference  between  this  TE  module  and  “regular”  TE 
modules  was  that  both  substrate  surfaces  were  metallized  and 
pre-tinned  with  low  temperature  solder  for  joining  to  the 
bottom  stage. 

The  TE  module  designated  for  the  bottom  stage  was  a  83 
couple  module  with  TE  pellets  identical  to  the  top  stage.  This 
module  was  designated:  model  TB-83-1.0-1.3.  This  “bottom 
stage”  was  also  metallized  on  both  substrate  surfaces,  but  also 
had  some  other  unique  features.  One  of  its  cold  side 
conducting  tabs,  which  would  normally  connect  the  cold  sides 
of  the  adjoining  TE  pellets,  was  replaced  with  two  separate 
conducting  tabs  which  faced  outward.  This  modification, 
therefore,  created  an  open  circuit. 

Of  course,  these  “output  tabs”  could  be  easily  electrically 
shorted  to  complete  the  normal  TE  module  electrical  network 
and,  thus,  provide  the  means  for  testing  it  as  a  “normal”  TE 
module.  Indeed,  this  was  done  in  order  to  test  it,  and  the  top 
stage  separately  as  “normal”  TE  modules  for  their 
thermoelectric  parameters.  This  “Before”  test  data  is  given  in 
Tables  1  and  2  for  two  sets  of  bottom  and  top  stages,  serial 
numbers  #1  and  #2  for  each  pair  of  stages. 

The  TSTM  fabrication  process  was  to  solder  the  smaller  TE 
module  onto  the  cold  side  of  the  larger  TE  module,  thereby 
forming  the  structure  of  a  TSTM.  The  final  step  in  this 
procedure  was  to  connect  wire  “jumpers”  from  the  un-shorted 
output  tabs  of  the  bottom  stage  to  the  electrical  input  tabs  of 
the  smaller,  top  stage.  The  resultant  was  the  formation  of  two 
each  2-stage  thermoelectric  modules,  TSTM#1  and  TSTM#2, 
on  which  subsequent  testing  was  performed  in  normal,  room- 
temperature,  still  air. 
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Figure  1.  Configuration  for  testing  the  top  stage  in  air. 


Testing  the  Top  Stage  of  the  TSTM’s 

To  test  the  top  stage  of  the  2-stage  cascades,  it  was  very 
important  to  suspend  the  TSTM  such  as  that  shown  in  Figure 
1,  where  extra  clips  are  fastened  to  the  insulated  input  leads 
of  the  TSTM.  Significant  errors  were  observed  when  the 
TSTM  was  attached  to  a  heat  sink.  This  was  because  the 
passive  stage  already  acted  as  a  heat  sink  and  an  additional 
heat  sink  significantly  thermally  loaded  the  stage  under  test 
and  reduced  the  measured  Z.  Finally,  "Kelvin"  clip  test 
probes  were  clipped  to  each  of  the  "jumpers"  to  the  top  stage 
as  illustrated  in  Figure  1,  leaving  the  electrical  input  leads  of 
the  bottom  stage  totally  isolated.  For  some  manufactured 
TSTM’s  it  may  have  been  necessary  to  attach  auxiliary  test 
probes  at  these  points  as  described  above.  However,  for  this 
case  it  was  quite  easy  to  simply  clip  to  the  jumper  wires  at 
their  point  of  connection  to  the  top  stage.  All  that  was  needed 
was  to  test  the  top  stage  just  as  if  it  were  a  separate, 
independent  TE  module.  During  the  test,  the  test  current 
passed  only  through  the  top  stage.  The  dormant  bottom  stage 
acted  as  a  heat  sink,  as  mentioned  before.  Certainly,  the 
bottom  stage  slightly  heated  during  one  test  current  polarity 
and  slightly  cooled  during  the  other  test  current  polarity. 
However,  as  described  in  the  introduction  and  analysis  given 
above,  this  was  only  a  minor  perturbation  from  the  fully 
isolated  tests  on  this  same  stage  performed  before  cascade 
assembly.  The  data  from  this  test  of  the  assembled  TSTM’s 
#1  and  #2  are  given  in  Tables  1  and  2,  designated  “After”. 

Testing  the  Bottom  Stage  of  the  TSTM’s 

This  test  configuration  required  that  the  top  stage  be 
electrically  shorted  to  eliminate  any  test  current  from  entering 


Figure  2.  Configuration  for  testing  the  bottom  stage  in  air. 


the  top  stage.  This  was  accomplished  by  clipping  an  extra 
clip  lead  to  the  two  jumper  wires,  shorting  them  together  as 
shown  in  the  lower  portion  of  Figure  2.  Whenever  auxiliary 
wires  are  needed,  this  same  condition  can  be  accomplished  by 
simply  shorting  these  wires  together.  After  this  top  stage 
shorting  was  secured,  test  Kelvin  clips  were  applied  to  the 
bottom  stage  input  wires  as  shown  in  the  upper  portion  of 
Figure  2.  Testing  was  subsequently  performed  on  the  bottom 
stages  of  both  TSTM’s.  The  test  data  gathered  is  given  in 
Tables  1  and  2,  designated  “After”.  It  is  clear  that  good 
agreement  exists  between  the  “Before”  and  “After”  data  sets, 
proving  the  effectiveness  and  dependability  of  this  procedure 
to  quickly  and  accurately  ascertain  TSTM  quality. 

Table  1. 


Tested  Resistance  and  uncorrected  Z  of  TSTM#  1  stages 


Top  Stage 

Bottom  Stage  j 

Resistance 

(Ohm) 

Z*1000 

m 

Resistance 

(Ohm) 

Z*1000 

m 

Before 

0.775 

2.394 

2.227 

2.574 

After 

0.808 

2.415 

2.294 

2.553 

Diff. 

4.25% 

0.88% 

3.01% 

-0.82% 

Table  2. 

Tested  Resistance  and  uncorrected  Z  of  TSTM#2  stages 


Top  Stage 

Bottom  Stage 

Resistance 

(Ohm) 

Z*1000 

m 

Resistance 

(Ohm) 

Z*1000 

m 

Before 

0.794 

2.440 

2.288 

2.602 

After 

0.806 

2.465 

2.339 

2.550 

Diff. 

1.51% 

1.02% 

2.23% 

-2.00% 
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Conclusions 

The  testing  required  to  assure  the  quality  of  a  2-stage  cascade 
by  conventional  cooling  performance  test  methods  can  be  a 
long  and  laborious  problem.  Therefore,  it  is  not  practical  to 
test  the  TE  cooling  modules  at  a  very  high  acceptance  quality 
level  (AQL).  However,  a  method  has  been  presented  in  this 
paper  which  reduces  test  time  to  such  a  degree  that  100% 
testing  of  2-stage  thermoelectric  cascades  is  now 
economically  practical  and  effective. 

Obviously,  the  key  to  this  test  method  is  to  have  a  computer- 
aided  test  system  that  is  capable  of  quickly  and  accurately 
obtaining  data  such  as  that  described  in  [1]  or  [3].  It  is  then 
only  necessary  to  suspend  the  2-stage  cascade  (in  open  air) 
and  configure  the  test  probes  equivalent  to  that  shown  in 
Figures  1  and  2.  The  actual  test  procedure  is  then  as  simple 
and  quick  as  testing  individual  single-stage  TE  modules, 
taking  only  a  minute  or  two  for  the  bipolar  testing  of  each 
stage.  The  data  gathered  can  not  only  be  used  to  ascertain 
and  validate  the  quality  of  the  cascade,  it  also  provides  the  TE 
material  property  data  which  can  be  used  in  an  effective  TE 
modeling  program  [6]  to  determine  the  cooling  performance 
of  the  cascade  at  literally  any  thermal  and  electrical 
condition. 
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Abstract 

The  investigation  results  of  thermal  compensation 
systems  for  thermoelectric  cooling  modules  parameters 
determination  have  be  mi  given.  Thermoelectric  thermal 
meters  were  used  a.j  heat  balance  sensors,  stage 
thermoelectric  batteries  vvere  used  as  compensating  heat  and 
cold  sources.  Methods  and  devices  made  it  possible  to 
determine  parameters  of  thermoelectric  cooling  modules  with 
increased  accuracy. 

The  essence  of  the  problem 

The  necessity  for  more  accurate  determination  of 
thermoelectric  cooling  modules  parameters  becomes  more 
actual  in  connection  with  their  use  growth.  By  now  rather 
rational  set  of  parameters  has  been  established  which 
uniquely  determines  a  thermoelectric  cooling  module 
properties  as  an  object  of  use. 

Such  parameters  are  following: 

-  maximum  temperature  difference  at  zero  cooling 
power  -  ATmax\ 


-  maximum  cooling  power  at  AT  equals  to  zero  -  Q  max; 

-  electric  resistance  of  a  module  at  AT  equals  to  zero  -  R\ 

-  electric  current  value  when  AT  max  is  reached  *  7max> 

-  voltage  value  at  v'rich  A Tmax.  is  reached  -  Knox',  where 
AT  is  temperature  difference  at  outside  surfaces  of  a  rv-odule 
ceramic  plates  (or  between  outside  surfaces  of  commutating 
plates  if  modules  do  not  have  any  ceramics). 

Such  parameters  uniquely  determine  module's  quality 
but  they  are  not  enough  for  design  of  the  module's  rational 
use  depending  on  its  specific  operating  conditions.  For  this 
purpose  modules  characteristics  in  the  form  of  dependences 
on  current  in  the  temperature  range  of  /=/max  and  7=0  are 
additionally  presented.  By  now  a  unified  approach  to 
description  of  modules  functional  characteristics  has  been  not 
formed.  But  more  often  they  have  the  form  given  if  Fig.  1.  It 
should  be  noted  that  regardless  of  the  form  of  the  given 
characteristics  their  use  for  calculations  is  very  inconvenient 
because  of  insufficient  accuracy  of  the  information  obtained 
from  such  calculations. 


ALTEC  -  51 

Tc»*C 

-53  -33  -13  7  27  -30  -10  10  30  50 


Fig.l.  Typical  module  perfomances. 
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That  is  why  we  recommend  to  accompany  modules  with 
a  computer  diskette  which  contain  the  necessary  set  of 
information,  and  with  a  program  for  modules  design  in  any 
intermediate  operating  conditions. 

Modules  parameters  and  their  functional  dependences 
determination  itself  meets  at  least  two  basic  difficulties.  The 
first  implies  that  the  given  above  parameters  were  formulated 
for  idealized  thermal  models  which  it  is  difficult  to  reproduce 
in  real  condition  and  thus  the  discrepancy  between 
measurement  conditions  and  model's  requirements  becomes 
the  cause  of  considerable  errors 

.Let  us  examine  in  detail  the  general.  Fig.  2a  gives  the 
diagram  of  a  module  measurement  at  A Tmax  conditions.  Here 
we  come  up  against  at  least  three  causes  of  errors. 

Qo 


The  first  is  the  departure  from  adiabaticity. 

In  real  measurement  conditions  heat  exchange  with 
environment  leads  to  a  considerable  error  at  A Tmax 
measurement.  Really,  cooling  power  is  rather  small  in  the 
regime  close  to  A Tmax  so  even  small  heat  inflows  lead  to 
considerable  A Tmax  changes.  Measurement  in  vacuum  or  in  an 
inert  medium  with  small  coefficient  of  thermal  conduction 
though  decrease  such  errors  but  made  difficulties  in 
measurements  and  some  ambiguity  which  depend  on  radiant 
heat  exchange  conditions  and  configuration  of  different 


objects  placed  close  to  the  module.  Errors  as  a  whole  at  A Tmax 
measurements  can  reach  5%  and  more  as  module's  power 
decreases  that  makes  difficult  correlation  of  modules  quality. 

The  second  error  is  connected  with  heat  removal 
conditions  from  the  module's  hot  side. 

Hot  side  temperature  determination  meets  with  serious 
difficulties.  As  Fig  2a  shows  heat  removal  from  the  hot 
surface  of  ceramics  is  effected  through  a  contacting  layer  with 
thickness  A/.  This  layer  may  be  air  if  a  module  is  placed  just 
on  the  heat  removing  object  A,  liquid  (water,  glycerol,  oils)  or 
as  heat  removing  pastes.  Thermal  flow  from  the  module  to  a 
heat  removing  object  A  causes  temperature  difference  AT\  in 
a  layer  L.  As  a  result  temperature  measurement  on  the  surface 
of  worm  ceramic  plate  is  difficult.  If  temperature  T\  is 
measured  near  the  surface  of  heat  removing  plate  that  error 
AT\  is  appeared  which  ultimately  result  in  real  value  of  A Tmax 
decrease  for  AT)  value.  If  temperature  detector  D  is  placed 
just  on  the  surface  of  warm  ceramic  plate  then  it  makes 
distortions  in  the  heat  removes  pattern  on  the  region  to  which 
it  is  adjoin,  so  it  also  result  if  uncontrolled  errors  in 
temperature  measurements.  Analysis  of  errors  value  arising 
by  this  cause  shows  that  absolute  error  in  A7Tnax 
measurement  may  reach  3-6°C. 

Third  cause  if  mistakes  is  connected  with  uncontrolled 
heat  inflows  Q\  to  the  side  surfaces  of  the  module  which  also 
lead  to  adiabaticity  disturbance  and,  as  a  result  to  an  error  in 
A Tmax  determination  which  also  result  in  reduction  of  real 
values  of  A Tmax.  Its  effect  is  smaller  and  is  usually  0.2-0. 5 
degrees. 

Thus  error  in  ATmax  measurement  in  the  worse  case  can 
result  in  the  error  of  10-15%,  in  the  best  case  -  3-5%.  Since 
the  modules  quality  is  defined  first  of  all  by  A Tmax  value, 
uncontrolled  errors  in  A Tmax  determination  may  become  the 
cause  of  errors  in  modules  quality  determination. 

Rather  great  errors  also  arise  at  maximum  cooling 
capacity  measurements.  In  this  case  measurement  regime  is 
such  that  temperature  difference  between  ceramic  plates 
surfaces  must  be  equal  to  zero.  Such  conditions  are  favorable 
for  errors  minimization  which  results  due  to  uncontrolled 
heat  exchange  of  the  module  with  environment.  So  we  may 
neglect  the  environment  influence  at  such  measurement 
regime. 

But  increases  the  errors  connected  with  temperature  of 
ceramic  plated  surface  determination.  As  a  result  the 
condition  ATM)  is  satisfied  with  an  error  that  leads  to  the 
error  in  Q0  determination.  It  should  be  noted  that  errors 
resulted  from  uncontrolled  temperature  differences  AT)  will 
be  larger  than  in  the  A Tmax  regime  due  to  heat  flow  growth 
through  a  contact  region  L.  As  a  whole,  error  in  the  departure 
from  the  condition  A 7M)  may  be  easily  reach  5-8  degrees, 
that  is  also  insufficient  for  modules  parameters 
determination. 

The  second  problem  is  great  period  of  time  that  is 
necessary  to  use  for  their  characteristics  determination. 
Relations  for  modules  parameters  calculation  were  obtained 
on  the  assumption  that  stationary  thermal  conditions  were 
formed  in  the  module.  For  such  conditions  errors  which  are 
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permitted  in  measurements  (usually  0.2-0. 5%)  are  reached 
under  a  period  of  time  of  about  3-10min  depending  on  the 
modules  geometric  size.  To  determine  A Tmax  and  A Qmax  it  is 
necessary  to  conduct  several  measurements  and  that 
additionally  increases  measurement  time.  So  the  studied 
above  method  of  direct  measurements  id  noneffective  for 
modules  parameters  control  on  their  serial  production. 

Apart  from  direct  or  absolute  methods  given  in  Fig.  2, 
there  occurred  a  great  number  of  works  that  analysis  a 
possibility  of  the  Harman  method  use  for  modules  parameter 
determination.  The  essence  of  the  method  is  reduced  to 
electric  resistance  of  the  module  measurement  at  passing 
constant  and  alternating  currents  through  it.  In  conditions  of 
numerous  idealizing  prerequisites  it  is  assumed  that  some 
parameter  Z  generally  called  as  thermoelectric  figure  of  merit 
can  be  determined  from  the  expression  ZT=Ra  /Rj  -1 

It  should  be  noted  that  this  parameter  in  fact  has 
physical  uniqueness  only  as  applied  to  thermoelectric 
materials  properties.  Its  use  for  determination  of  Q0  and 
A Tmax  of  a  module  can  be  made  at  the  availability  of 
information  about  a  whole  number  of  modules  properties: 
contact  resistance  value,  electric  and  thermal  resistances  of 
commutating  plates  or  their  efficient  thermal  resistance, 
thermoelectric  characteristics  of  legs  material  and  so  on.  So  it 
is  rather  difficult  using  such  method  to  get  reliable 
information  about  basic  characteristics  of  a  module,  A Tmax 
and  Q0.  In  literature  there  is  a  number  of  works  devoted  to  the 
attempts  to  improve  this  situation  and  thus  to  elaborate 
methods  for  ATmax„  Qmax  ,  7wax„  Vmax  measurements  based  on 
the  Harman's  method  [2,5].  The  essence  of  those  proposals 
reduced  to  the  use  of  different  sometimes  very  witty 
measurement  conditions  and  errors  consideration  by  means  of 
different  corrections  introduction.  But  against  all  the  odds  the 
Harman  method  is  indirect  method  of  module  parameters 
determination  and  so  has  rather  limited  possibilities  in  their 
measurement  accuracy  accomplishment.  To  the  advantages 
of  the  Harman's  methods  may  be  referred  the  possibility  of 
receiving  the  results  considerably  faster  than  by  the  absolute 
methods. 

Institute  of  Thermoelectricity  has  conducted  the  studies 
of  this  problem  that  resulted  to  the  elaboration  of  procedure 
for  modules  parameters  measurement,  which  combined  both 
methods  (Fig.3). 

In  thermoelectric  modules  production  of  N  number  each 
of  them  is  subject  to  testing  by  the  Harman  method  for 
determination  of  module's  figure  of  merit  Zm.  A  module  is 
chosen  for  the  rational  lot  and  is  subject  to  precise 
certification  by  the  absolute  method.  By  that  a 
correspondence  between  A Tmaxy  ,Qmax  and  Zm  is  established 
by  determination  the  corresponding  coefficients  K\  and  K2. 
By  this  manner  measurement  results  of  one  module  of  the  lot 
may  be  used  for  accurate  determination  of  A Tmax  and  Qmax  of 
the  whole  lot.  Naturally,  this  procedure  is  valid  at  rational 
choice  of  modules  number  in  a  lot  and  for  the  case  when  Zm 
measured  values  of  different  modules  do  not  drastically  differ 
from  each  other. 

For  modules  parameters  measurement  in  large-scale 
production  we  have  designed  a  unit  realizing  the  stationary 
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Fig.3. 

Harman  method  implying  that  at  small  currents  (less 
than  0.02  of  the  operated  one)  the  module's  resistance  is 
measured  at  alternating  Rj  and  constant  Ra  currents. 
Module's  figure  of  merit  ZT  =  Ra  /Rj  -  1  and  resistance  Rj  on 
alternating  current  define  the  module's  quality.  Measurement 
accuracy  of  module's  figure  of  merit  andresistance  at 
alternating  current  is  not  worse  than  1%.  Fig  4  presents  the 
units  diagrams. 


1  -  TE  module  4  -  AC  source 

2  -  Thermometer  5  -  DC  source 

3  -  Commutator  6  -  PC 


Fig  4. 

Similar  to  [2]  and  [4]  A Tmax  Jmax  ymax  and  Qmax  are 
determined  as  reference  ones.  In  terms  of  [4]  A Tmax  and  Qmax 
are  determined  by  P(Thot)  method;  Imax  and  Vmax  -  by 
P(Tavg).  In  calculation  of  Qmax  a  correction  for  ceramics 
thermal  resistance  was  made.  All  this  permits  to  get  design 
parameters  of  a  module  with  accuracy  not  worse  than  5%. 
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Fig-5. 

Computer  governing  the  unit's  operation  provides 
statistic  treatment  of  results  and  printing  of  the  protocol. 

Now  consider  how  to  improve  accuracy  of  modules 
parameters  measurement  at  their  measurement  by  the 
absolute  method.  Fig.5  shows  a  thermoelectric  module  lplace 
between  two  heat  meters  2  and  3.  Heatmeter  3  is  also  in 
thermal  contact  with  thermostat  4  and  heatmeter  2  with  stage 
thermoelectric  cooler  5.  Heatmeter  with  the  module  is 
enclosed  by  a  radiating  screen  which  contacts  both  with  the 
cooler  5  and  thermostat  4.  The  heatmeter  peculiarity  is  the 
possibility  of  measurements  not  only  thermal  flows  but 
precise  temperature  measurements  on  its  surface.  For  this 
purpose  institute  of  Thermoelectricity  has  designed  special 
heatmeters  based  on  high  sensitive  anisotropic  thermoelectric 


converters  with  resolution  10'4  W  and  dynamic  range  107.  At 
A Tmax  measurement  in  the  cooler  5  is  produce  such 
temperature  at  which  a  thermal  flow  through  the  heatmeter  2 
equals  to  zero.  In  this  case  the  condition  of  adiabaticity  has 
been  fulfilled,  and  error  connected  with  the  outside  thermal 
flows  are  minimized  with  the  accuracy  which  the  heatmeter 
allows  to  resolve.  Temperature  meter  of  the  heatmeter  2 
registers  cooling  degree  at  A Tmax  conditions.  As  this  takes 
place  a  temperature  gradient  similar  to  the  temperature 
gradient  in  the  module  has  been  formed  and  decreases  the 
effect  of  side  heat  exchanges  of  the  module  with  environment. 

Error  of  AT\  in  temperature  determination  of  the 
module's  hot  side  is  determined  in  the  following  way.  First 
heatmeters  2  and  3  placed  in  thermal  contact.  Thermal 
transferring  liquid  (glycerol  for  example)  is  put  between 
them.  Creating  by  the  cooler  5  thermal  flows  it  is  easy  to 
determine  A T\  between  heatmeters  at  thermal  flows  which 
amount  equals  to  flows  at  module's  measurement.  Here  it  is 
important  that  pressure  P  compressing  heatmeters  and 
pressure,  compressing  modules  under  measurements  be  equal. 
The  same  method  of  experimental  determination  of  error  may 
be  used  for  Qmax  determination. 

Total  error  in  A Tmax  measurement  with  the  use  of  such 
method  can  be  reduced  to  0.5%  and  more,  and  in 
measurements  of  Qmax  up  to  0.8-1%  and  more. 
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Abstract 

A  method  for  defining  the  quality  of  multistage 
thermoelectric  coolers  is  proposed  This  method  is  based  on 
measurements  of  voltage  from  every  stage  of  the  cooler  with 
the  current  on  and  at  the  first  moment  after  switching  it  off. 
Heat  transfer  with  ambient  environment  is  taken  into 
consideration.  This  method  also  takes  into  account  the 
thermal  load  for  the  lower  stage  received  from  the  upper  one. 
The  causes  which  can  lead  to  the  wrong  results  are  also 
investigated. 

Introduction 

Hannan’s  ideas  f  1  ]  lie  at  the  base  of  a  rapid  control  of 
thermoelectric  modules.  In  his  papers  it  was  shown  that  the 
figure  of  merit  Z  was  connected  with  the  measured  values  for 
small  currents  by  the  equation: 

ZT  =  (1) 

Ur 

where  uR  =IR  -  the  Ohm  voltage  on  a  die  and  ua  -  the 

Seebeck  voltage  on  it,  T  -  the  average  temperature  of  a  die. 
All  methods  of  express  -control  of  the  thermoelectric  module 
use  expression  [  1  ]  or  some  modification  of  it  [2].  It  is  a  pity 
but  to  apply  [  V  ]  to  the  multistage  module  is  not  correct 


because  the  temperature  difference  on  different  stages  is  not 
the  same.  The  quality  control  of  multistage  modules  is 
fulfilled  by  the  measurement  of  maximum  temperature 

differential  ATrnax.  This  method  is  demanding  loo  much 
effort  and  slow.  In  this  article  the  express  -  methods  of  the 
control  of  multistage  modules  are  given.  It  is  assumed  the 
modules  have  the  series  connection  of  the  stages. 

Results 

First  of  all  we  investigate  the  behavior  of  n  -  stage  module 
when  the  external  heat  flows  are  neglected.  The  designation 
used  below  is  clear  from  fig.  1 .  Let  n  be  the  total  number  of 

stages,  ATj  -  the  temperature  difference  of  i  -  stage,  Nj  -  the 
quantity  of  dice  of  i  -  stage,  T0  -  the  temperature  of  cold 
junction,  T*  -  temperature  of  i  -  junction  which  numeration 
corresponds  to  fig.  1. 

We  investigate  the  case  when  the  thermoelectric  parameters 
of  material  are  independent  from  temperature  and  they  are 
the  same  both  for  n-  and  p-types.  Further,  let  the 
thermoelectric  parameters  of  the  material  and  the  dice  length 
and  width  be  the  same  for  every  stage.  The  equations  of  the 
heat  balance  on  junctions  have  the  following  form: 


Temperature  T0' 

Tn 

|1  stage  T/ 

|  n  stage  Tn_, 

|  2  stage  T; 

t3 

3  stage  j  T3' 

T 

|  3  stage  T2 

T' 

lB-l 

2  stage  |  T  i 

Ta  n  stage  T' 

1  stage  |  T0 

b)  Reverse  current 

a)  Direct  current 

Fig.  1:  The  distribution  of  temperatures  on  the  stages. 
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N,[aT0I-|l2r-kAT,]  =0  (2.1) 

N , faTfl + y  1 2  r  - kATj  j  =  N2(aT,I-Yl2r-kAT2)  (2.2) 
N3^aT2I-^-I2r-kAT3j  =  N2^aT2I+— I2r-kAT2j  (2.3  ) 


0  =  Nn(aTI1I+|l2r-kATI1)  (2.4) 

where  r  -  resistance  of  a  die,  k  -  thermoconductance  of  a  die, 

a  -  Seebeck  coefficient  of  a  die,  I  -  current. 

It  is  possible  to  give  the  analogous  system  of  equations  for  the 
reverse  current.  The  stage  difference  of  temperature 
corresponds  to  the  designations  given  on  fig.  lb  and  value 
AT/ =  T*Li  -T/ . 

If  the  equations  of  this  system  are  added  to  the 
corresponding  equations  of  system  (  2  )  then  the  following 
result  is  received: 

-f  Uri  -Ur2  +UR3+...+(-l)nURnl  (3) 

<  Uai  — Ua2 +Ua3+...+(-l)nUcm  J 

where  Z  =  a2/rk,  Ud=^y^L  for  i  =  1,  2,...,n  (  here 


and  further  the  sign  '  is  placed  after  values  measured  for 


reverse  current ),  Ur;  -  the  Ohm  voltage  of  i  -  stage,  Uai  - 


Seebeck  voltage  of  it  i  =  1,  2  ,. 
by  the  following  equations: 


,.,n.  The  value  T  is  defined 

T,  +T2  T{  +T,'>| 

2  +  2  )a 


1  ( Tn-i  +Tn  T„  +T'_!^| 

*2l  2  +  2  ) 


(4) 


Expression  (  3  )  for  multistage  modules  is  analogous  to 
expression  (  1  )  for  one-stage  modules.  Let  us  consider  this 
expression  in  a  more  detailed  way. 

The  value  of  ZT  in  a  one  -  stage  module  is  connected 


directly  with  AT,™*  .  But  such  connection  is  absent  in 
multistage  modules.  ZT  corresponds  in  (  3  )  to  one  die  and 
shows  the  possible  ATmax  for  this  die.  In  other  words  the 

measured  value  of  ATmax  is  a  quality  index  of  the  module 

T*  +  T 

assembly.  The  temperature  1-1 — L  is  the  average 

T'+T-' 

temperature  of  i  -  stage  for  direct  current  and  1  is 

the  same  for  reverse  current.  The  former  one  is  higher  than 
the  ambient  temperature  and  the  latter  is  smaller.  The 
average  of  two  directions  of  the  current  must  give  the  value 
which  is  close  to  the  ambient  temperature.  In  practice,  when 
(  1  )  is  used,  the  value  T  is  changed  by  the  ambient 
temperature  Ta.  The  supposition  that  the  average  temperature 


of  different  stages  received  in  this  way  is  almost  the  same 
does  not  seem  artificial  due  to  small  temperature  difference 
on  the  module.  It  is  clear  that  the  module  current  must  be 
small  in  this  case. 

Different  signs  before  terms  of  (  3  )  are  connected  with  the 
fact  that  the  upper  stage  is  a  heat  load  for  the  lower  one.  The 
diminishing  of  this  heat  load  can  bring  to  the  seeming  growth 
of  ZT  because  equations  (  2  )  have  a  rigid  connection 
between  the  stages,  which  creates  basic  difficulties  for  using 
expression  ( 3 ). 

Every  mistake  in  assembling  a  one-stage  module  must 
diminish  ZT,  i.e.  the  maximum  of  the  latter  is  received 
when  the  quality  of  the  module  is  high.  Different  signs  of 
the  terms  in  ( 3  )  made  it  untrue  for  a  multistage  module.  For 
example,  the  denominator  in  (  3  )  can  become  zero  if  the 
resistance  of  one  of  the  upper  stages  increases.  This  leads  to 
increasing  of  ZT .  The  same  can  be  received  if  some  part 
(  or  all  )  of  the  dice  of  a  stage  has  the  wrong  type  of 
conductivity.  Therefore  the  direct  use  of  (  3  )  is  very 
complicated  and  it  is  necessary  to  rely  on  the  results  of  (  3  ) 
very  carefully. 

It  is  better  to  analyse  every  stage  of  a  module.  For  this 
purpose  it  is  necessary  to  analyse  only  two  equations  of 
system  (  2  ):  the  equation  of  the  heat  balance  on  a  free 
junction  -  (  2.1  )  and  the  one  on  an  intermediate  junction  - 
(2.2)  or  (  2.3  )  type.  If  in  these  equations  the  external  heat 
flow  on  the  junctions  is  taken  into  consideration  then  they 
have  the  following  form: 

NjjaToI-^r-kAT^Qo  (5) 

N^^aTil-^r-kAT^j  =N^aTiI+yI2r-kATiJ  +Q{ 

(6) 

where  Q0  and  Q;  are  the  heat  flow  on  0-  and  i- junction . 

Let 

Q0  =hN,(Ta  -T0)  (7) 

Qi=h(Ni.1-Ni)(Ta-Ti)  (8) 

where  h  -  heat  exchange  coefficient,  Ta  -  ambient 
temperature.For  the  case  when  h«k  it  is  possible  to  receive 

AT 

( with  very  rough  approximation  ATi  »  — ,  where  AT  is  the 

n 

temperature  difference  on  the  module ): 

_  “(U01  +Ual) 

ZtT  =  — - - -  (9) 

]£  __  T  +T' 

where  Zr  =Z-? - r-  and  T  =  — - - .  This  expression 

is  analogous  to  (  1  )  for  a  one  -  stage  module.  In  practice  the 
correction  to  Z^  is  a  value  defined  by  an  experiment  and 
therefore  the  introduced  rough  approximation  isn’t  veiy 
essential. 

In  the  similar  way  it  can  be  received  from  (6): 
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Zi,T  = 


2  (^orfi+l)  +^oi(itl))  2  ^ai  +^“>) 


U^o-Uia 

_  T;  +T:' 

where  T  =  — - —  and  Zu=Zy 


(10) 


k  + 


h|n-2ifl 


Therefore  it  is  possible  to  analyse  the  work  of  a  multistage 
module  on  the  base  of  expressions  (  9  )  and  (  10  ).  Such 
analysis  is  conducted  for  every  stage,  from  top  to  bottom  of 
a  module. 


Discussion 

The  measurement  of  voltage  of  every  stage  can  be  fulfilled  by 
special  probe  leads  .  Thin  wires  can  be  soldered  to  the  stage 
leads  or  sharp  thin  wires  can  be  pressed  to  it. 

The  analysis  of  the  first  stage  is  little  different  from  that  of  a 
one-stage  module  and  can  be  realized  in  the  way  usual  for 
such  modules  .  The  analysis  of  the  following  stages  is 
fulfilled  after  the  measurement  of  the  preceeding  ones. 

The  quantity  of  equations  in  system  ( 2  )  is  by  one  more  than 
that  of  the  stages  in  a  module.  It  is  possible  to  analyse  the 
work  of  the  last  stage  on  the  base  of  both  equation  ( 9 )  and 


(  10  ).  It  can  be  very  useful  for  two  -  stages  modules.  If  the 
heat  excange  coefficients  are  close  in  their  value  for  both 
stages  then  it  is  possible  to  receive  the  following  expression 
for  a  two  -  stage  module: 


.  n2 

where  m  =  — — . 

N] 

This  method  is  applied  to  modules  with  series  connection  of 
stages  but  it  can  also  be  applied  to  modules  with  direct 
connection  of  stages.  In  this  case  such  modules  must  have 
special  strips  which  are  removed  at  mesurement  time. 
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Abstract 


Application  of  the  two-stage  modules  has  been  widely 
considered  to  obtain  a  large  temperature  difference, 
required  for  devices  such  as  a  freezer,  by  thermoelectric 
cooling.  Due  to  the  complexity  of  the  formulas  for 
maximum  parameters,  however,  design  of  the  application 
devices  in  practical  use  has  been  limited.  Generalized 
formulas  have  been  derived  to  express  the  maximum 
temperature  difference  and  maximum  current  at  ATmax 
-mode  for  two-stage  thermoelectric  modules  connected 

electrically  in  series  or  in  parallel:  ATmix  =  T*  ^  ~ , 


/_=2T*f-^-^n-,andir=(1+2n-f 

_ 1 

Corresponding  to  these  expressions,  =  Tk —  z 


. T*  jr+i  >  e\ D-2T*  A1,  jrVi  ’  311(1 

AT  =  (1  +  2  *  Z\  -  T*)1/2  for  one-stage  modules. 


Part  1.  Series  Mode 

Generally,  a  temperature  difference  (AT )  in  a  two-stage 
module  is  the  summation  of  the  temperature  difference  in 
the  upper  cascade  (ATX  =  Tm  Tc )  and  that  in  the  lower 
cascade  (AT2=  Tk  Tm  ):  AT=ATi  +  AT2.  When  a  two- 
stage  module  connected  electrically  in  series  is  operated 
in  the  maximum-temperature-difference  (AT^)  mode,  the 
applied  current  can  not  meet  the  ATm:„  condition  for  both 
the  upper  and  the  lower  cascade  simultaneously,  and 
jr^is  not  the  simple  summation  of  ATl  m^aaA  AT 2.mai. 
When  a  two-stage  cascade  module  is  operated  in  the 
AT^- mode,  i.e.  the  heat  load  to  the  upper  cascade  is 
zero,  the  heat  balance  for  the  upper  cascade  is  given  by 


ei -/- Tc-0.5 -/2  Ri-Ki -ATx  =  0  (1) 

where  «!,  Ri  and  Kx  are  the  Seebeck  coefficient,  the 
electrical  resistance  and  the  thermal  conductance  of  the 
thermocouples  in  the  upper  cascade,  respectively.  From 
Eq.  (1),  one  can  derive  the  temperature  difference  in  the 
upper  cascade  as 


/  rc-0.5  I2  R, 

AT'  = - Kx - 

ci -/-n-g!  f-jr-o.5 -.«i  (2) 

K\ 

Due  to  the  heat  load  dissipated  from  the  upper  cascade, 
the  heat  balance  for  the  lower  cascade  is  given  by 

-/-  T„  +  0.5  -I2  -Ri-Kx  ATX 
=  »  -(e2  •/  -  T„— 0.5  -I2  R2-K2  • AT2 )  (3) 

where  n  is  the  ratio  of  the  numer  of  thermocouples  in 
the  lower  cascade  to  the  upper  cascade.  From  Eq.  (3), 
the  inter-  cascade  temperature,  Tm,  can  be  derived  and 
expressed  simply  as  follows: 


0,5  -/  -JCr±Ki  •  Xjcjr 
ei  ■ I-Xe  +  Kx  ■  XK 


where 


XR=  + 1 

X*—Kt  +  1 

Xk.t -  Tk+  Tc 


(4) 


(5) 


And  the  temperature  difference  in  the  lower  cascade  can 
be  derived  as: 


AT2  = 


(ne2  —  ex)  *  / *  Tm  —  0.5/2  •  (mR2  +  Rx)  +  Kx  *  ATX 
n  -  K2 


ex  •/•(Ta  +  JT1-^jO-0.5/2  -Ri  -JCr+Kx 
n  -K2 


1ATl 

(6) 


The  temperature  difference  in  a  two-stage  module  is  the 
summation  of  Eqs.  (2)  and  (6),  and  can  be  expressed  as 
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«i  -I-[Tk  •  (e2le\  +  K2lK{)  +  {e2lei  — 1/»)  ‘ATi] 
-0.5 /2 -J?i  •(J?2/i?i  +  g2/gi+2/«) 

^r~  0I  •/•(e2M+Jfy/Jir1)  +  /fy 

e,  /[T*  -(Xc  +  X*)  +  Xe-2JT1] 

-0.5  72  •/?!  -(XR+Xg)  ™ 

e\  •  I  •  (Xe  +  Xk)  +  n  •  K2 

Since  JT  is  the  additive  function  of  ATy  and  ATZ, 
the  maximum  of  AT  appears  at  ATX  =  AT2  =  AT/2.  In 
this  condition,  the  maximum  temperature  difference  of  a 
two-stage  module  can  be  derived  from  Eq.  (7)  as  follows: 

c,  ■I-Tlt(Xe+XK)-Q.5Ii  -R^Xk  +  Xk)  „ 
““  C\  •  /  -  (0.5-Xe+  Xg)  +  H  '  K.2 

By  letting 


a=Xe+XK 
b=XR  +  XK 

c=  O.SXe+XK  (9) 


Eq.  (8)  can  be  rewritten  in  a  generalized  fomula  as 


AT„ 


a  -d  -  /  •  n-0.5  _b  -/2  7?i 

c  •  Ci  ■  I+n  ‘K2 


(10) 


From  Eq.  (10),  the  maximum  current  in  the  -mode 

can  be  obtained  by  d(ATnilI)/dI=Q  as 


/^  =  ~ ^(AT'-l) 

or 

r  _  gl  g  2  •  Tn 

in,“  A*]  6  Af'  +  l 


(11) 

(12) 


From  Eqs.  (12),  (13),  (15)  and  (16),  one  can  generalize 
the  M  value  and  maximum  current  in  the  zlT^ -mode 
as  Eqs.  (12)  and  (14)  with  a=  b=c=  1  for  an  one-stage 
module. 

Furthermore,  by  inserting  Eq.  (11)  into  Eq.  (10)  and 

simplifying  the  equation  using  the  relation  of  Eq.  (13), 

ATm „  for  a  two-stage  module,  connected  electrically  in 
series,  can  be  reformulated  into  a  generalized  formula  as: 

AT^=Tkac*f^\  (17) 

as  well  known,  AT^  for  an  one-cascade  module  is 
expressed  as: 

4T'--=^Sti  (18) 

With  comparison  of  Eq.  (17)  and  Eq.  (18),  the 
differences  in  JTroax between  a  two-stage  and  an  one-stage 
module  can  be  described  using  the  parameters,  a ,  b 

and  c  which  are  determined  by  thermoelectric  properties 
of  the  thermocouples  in  the  lower  and  upper  cascade, 
dimension  of  the  thermoelements,  and  the  ratio  of  ». 
Using  the  thermoelectric  properties  written  in  Table  1, 
ATmax  for  a  two-stage  module  was  calculated  from  Eq. 
(17)  with  varying  the  ratio  of  the  number  of 
thermocouples  in  the  lower  cascade  to  the  upper  cascade, 
and  plotted  in  Fig.  1.  AT^  increases  rapidly  with  n 
up  to  3  -  4,  and  then  increases  more  moderately  with 
further  increase  of  ».  From  this  result,  one  can  notice 
that  the  number  of  thermocouples  in  the  lower  cascade 
should  be  at  least  3  or  4  times  larger  than  that  in  the 
upper  cascade  to  get  a  large  temperature  difference  using 
a  two-stage  module. 

As  the  conventional  one-stage  module,  ATmax  of  a 
two-stage  module  can  be  also  expressed  using  the 
effective  figure-of-merit: 


where 


AT'  =  1  +  2  -Zi  -  Tk 


,1/2 


n  -  K2! Kx  b 


(13) 


In  the  case  of  an  one-stage  module,  it  is  general  to 
express  the  maximum  current,  /7 ,raax,  as  follows: 


ATm ax  ”  0  .5  •  Zeff  *  T^c 

_T  V 1  +  2  ‘Zeff^Th-l 

k  Zeff 

where  Zefi  is  the  effective  figure-of-merit.  The  calculated 
Zefi  at  Th  =  300K  is  also  plotted  in  Fig.  1. 


//. 


max 


or 


/ 


I,  max 


e  2  Tk 
R  1 


where 

M/=  (1+2  -Z-T,,)112 


(14) 


(15) 

(16) 


Table  1.  Thermoelectric  properties  of  thermocouples 


in  the  upper  and  lower  cascades. 


upper  cascade 

lower  cascade 

ei  [xKTV/K] 

0.36 

e2 

0.41 

Ri  [xlO'Ohm] 

2.7 

r2 

3.4 

Ki  [W/Kl 

2.10 

k2 

1.87 

Z,  [xl0  JK  ‘l 

2.3 

z2 

2.5 
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Fig.  1  Calculated  values  of  and  Ze/)  with  the  ratio 
of  the  number  of  thermocouples  in  the  lower 
cascade  to  the  upper  cascade.  (  Tk  =  300K) 

Although  Ztf,  is  a  hypothetical  value,  JT^of  a 
two-stage  module  can  be  considered  to  be  that  of  an 
one-stage  module  having  figure-of-merit  of  Z^,  and  the 
high  Ztf,  value  in  Fig.  1  confirms  the  possibility  of 
utilizing  the  two-stage  modules  in  many  application  fields. 

Part  2.  Parallel  Mode 

When  a  two-stage  module,  connected  electrically  in 
parallel,  is  operated  in  the  JT^-mode,  the  heat  balance 
in  the  upper  cascade  is  given  by 

ex  Ix  •  Tc— 0.5  - J?  R\-Kl  *4^  =  0  (20) 

and  the  heat  balance  in  the  lower  cascade  is  given  by 

e\  h  ■  T,+0.5  if  Rx-K \  -ATX 
=  i»  •  (e2  I2  Tm- 0.5  -f2  R2-K2 -AT2)  (21) 

where 

/!==/•  (1  -  11 XR)  and  l2 = I/XR  (22) 

Following  the  steps  given  in  Eqs.  (2)  -  (7),  one  can 
derive  AT^  in  a  two-stage  module,  connected 
electrically  in  parallel,  as  follows: 

«i  •  J  •  7*  •  [ (1  +  Xe)/XK- (1  -  JTjkXI  —  1/Xr)] 
-0.5  J2  -/?,  •[(i-iArg)  +  xJf(i-i/xg)2] 
g,  •/•  [0.5(1  +Xt)/XR-(0.5-XKHl-l/XR)] 

+  h-K2  (23) 

Although  Eq.  (23)  seems  to  be  a  little  more  complicated 
than  for  the  series  mode,  it  also  can  be  expressed  in  the 
generalized  fomula  of  Eq.  (10)  with  the  parameters  of 


«=  (1  +  X  e)/XR- (1  -  XkK  1  -  1/X*) 

b=  (1  -  l/XR )  +  Xdl  ~  1/Xg)2 

c=  0 .5(1  +  X.)fXR -  (0 .5  ^ -  X  *)(  1  -  IIXR)  (24) 

Furthermore,  using  AT'  value,  defined  as  Eq.  (13),  the 
maximum  current  and  the  maximum  temperature 
difference  can  be  expressed  simply  as  Eqs.  (12)  and  (17) 
for  different  ratio  of  number  of  thermocouples  in  the 
lower  and  upper  cascade,  n. 

Part  3.  Combined  "Series  and  Parallel"  Mode 

Besides  two-stage  modules,  connected  electrically  in  series 
or  in  parallel,  various  kinds  of  two-stage  modules, 
connected  electrically  both  in  series  and  parallel,  can  be 
designed.  Simplest  example  of  such  a  module  is  shown  in 
Fig.  2,  where  the  current  flows  along  each  branches  in 
the  parallel  part,  /z,  is 

/=I*jpi/2  (25) 

In  the  middle  part  of  the  two-stage  module,  the  current  is 
redistributed  by  Iu  across  the  thermocouple  of  the  upper 
cascade,  and  r2,  across  the  («  l)/2  thermocouples  of 
the  lower  cascade,  as  follows: 

/=/i+  (*2  ^  r2  (26) 

As  the  voltage  on  the  thermocouples  in  the  upper  and 
lower  cascade  is  the  same  in  the  intermediate  electrodes, 
the  following  relation  can  be  obtained: 

/x  •Rl  +  e1  AT^r2  -J?2  +  e2  AT2  (27) 


(b) 

Fig.  2  (a)  Example  of  a  two-stage  module  connected 
electrically  in  series  and  parallel,  and  (b)  the 
electrical  block  diagram. 
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Since  the  difference  in  the  counter-emf., 
(e2  *  ATZ  -  e\  -  AT{),  is  relatively  small  compared  to  the 
total  voltage  on  the  thermocouples,  it  can  be  neglected. 
Inserting  h  -Rl  =  r2-R2  into  Eq.  (26),  one  can  derive 
Ix  and  r2  in  terms  of  1  as: 

7  =  2(Xg- 1) _  (28) 

II  n2  —  h  +  2(Xr—  1) 


Following  the  steps  given  in  Eqs.  (2)  -  (7),  one  can 
derive  in  the  generalized  fomula  as  Eq.  (10)  with 

the  parameters  of 


2(^-1) 

a  2(Xr-\  )+»(*—!) 


2  n2—  n+2(.XR  —  1) 

When  a  two-stage  module  shown  in  Fig.  2  is  operated  in 
the  JTnax-mode,  the  heat  balance  in  the  upper  cascade 
is  given  by 

-/!  Tc-0.5 -4  *1-^1  *^Tr-0  (30) 

and  the  heat  balance  in  the  lower  cascade  is  given  by 

(«i  •  I\  •  r,+  0.5  •  /2  •  J?i  —  K\  •  JTi) 

=0.S1&fil{e2  r2  ■  Tm- 0.5  r\ -Rz-K2  -4T2) 

+  0.51?^J1(e2  h  Tm- 0.5  -4  Rz-K2  -JT2)  (31) 


(28) 

{*,-!+  [«* 

r  2(Xr-1) 

l  2(X„-l)+n(« 

(29) 

U.-M- 

[(X*-l)+»(*-l)](Xe+l) 


tnrl 


«2(»2+>t  +  4)  +  2(XB— l)[2fg— 1  +  »(«-!)} 
»2(»+l) 


2(Xg-l) 

c_  2{Xr-  1)+ »(*-!) 


|Xk+0.5| 


(Xj;-l)  +  »(«-l)(l  +  X«) 
n{XR- 1) 


As  a  conclusion,  the  generalized  formulas  for  the  M 
value,  maximum  temperature  difference,  maximum  current, 
and  the  parameters  a,  b  and  c  for  the  different  cases 
of  the  two-stage  modules  are  summarized  in  Table  2. 


Table  2.  Summary  of  the  generalized  formulas  for  the  two-stage  modules  in  the  mode  of  ATmax. 
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Novel  High  Performance  Thermoelectric  Microcoolers  with  Diamond  Substrates 
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Abstract 

The  concepts  discussed  in  previous  papers  [1-3]  have  been 
implemented  in  novel  miniature  thermoelectric  coolers 
(TECs)  with  diamond  substrates.  Micromodules  with  TE  legs 
0.2mm  long  and  0.4x0.4mm2  in  cross-section  were  developed. 
A  maximum  temperature  difference  of  67K  was  obtained,  a 
value  comparable  to  the  ones  obtained  for  commercial  TECs 
with  TE  leg  length  of  1mm  and  higher.  Heat  flux  densities  of 
70W/cm2  at  cold  junctions  were  achieved.  Taking  into 
consideration  the  hot  side  thermal  resistance,  the  minimum 
TE  leg  length  was  calculated.  It  was  found  that  using  high 
thermal  conductivity  substrates  allows  miniaturization  of  the 
TE  legs  near  its  lower  theoretical  limit  defined  by  electrical 
contact  resistance  only.  Cold  side  heat  flux  densities  in  excess 
of  100W/cm2  can  be  attained  in  such  coolers.  This  makes 
them  ideal  to  solve  thermal  problem  of  high  density  localized 
heat  sources  such  as  power  amplifiers,  microprocessors  and 
other  power  electronic  devices  which  are  already  operating  at 
the  edge  of  their  reliability. 

Introduction 

Many  electronic  components  need  active  cooling  for  safe 
operation.  The  thermal  issues  are  particularly  severe  for  high 
power  devices  such  as  power  amplifiers,  microprocessors, 
semiconductor  lasers  and  other  electronic  and  electro-optic 
devices  which  act  as  high  density  localized  heat  sources.  To 
maintain  control  of  their  operating  temperature,  TECs  with 
exceptionally  high  cooling  capacity  must  be  developed.  It  is 
well  known  that  heat  flux  densities  qQ  and  qx  at  the  TEC  cold 
and  hot  junctions  increase  in  inverse  proportion  to  TE  leg 
length  /.  With  /=0.1mm,  for  instance,  q0  values  can  exceed 
100W/cm2.  Thus,  developing  extremely  short-legged  TEC  is 
required  to  meet  the  cooling  requirement  of  high  density  heat 
sources.  However,  hot  side  heat  rejection  issues  must  also  be 
resolved  because  q{  values  can  reach  250-350  W/cm2.  For 
alumina  substrates,  which  are  commonly  used,  the  resulting 
hot  side  temperature  gradient  can  be  more  than  30K.  So  the 
use  of  substrates  from  high  thermal  conducting  materials, 
such  as  diamond,  is  the  most  promising  trend  for  extremely 
short-legged  TECs  development. 

Theoretical  maximum  of  cooling  capacity 

Heat  flux  densities  at  the  TEC  cold  and  hot  sides  are  bound 
by  the  following  system  of  equations  (1),  where  a,  p,  k  are 
the  Seebeck  coefficient,  electrical  resistivity  and  thermal 
conductivity  of  TE  materials,  i  is  the  input  current  density,  Tc 
and  Tx  are  the  temperatures  of  cold  and  hot  junctions 
respectively,  Tc  is  the  temperature  of  environment,  rc  is  the 
contact  electrical  resistance  referred  to  junction  area  unit,  Rt 


is  the  TEC  hot  side  thermal  resistance  defined  as  the  ratio  of 
the  temperature  drop  to  the  hot  side  heat  flux  density. 

q0  =  a  Tei- y/2 (pl  +  2rc)~  y (t,  -  Tc ) 

q,=aTxi  +  ^i1(pl  +  2rc)-j{Tl-Tc)  0) 

Tx  =  Te  +  R,  qx 

(1)  gives  the  q0(i,l)  dependence  in  indirect  fashion.  For  any 
fixed  /  value  the  set  of  equations  (1)  determines  the  maximum 
of  q0(i)  as  a  function  of  current  density.  The  calculated 
maxima  for  different  Rt  values  are  given  in  Fig.l.  One  can  see 
that  for  a  fixed  contact  resistance  optimal  /  values 
corresponding  to  absolute  maximum  of  cooling  capacity  can 
be  determined.  Such  /  values  are  the  minimum  acceptable  TE 
leg  lengths  since  smaller  values  result  in  simultaneous  q0  and 
COP  reductions.  This  dramatic  degradation  in  TEC 
performance  is  mostly  due  to  catastrophic  superheating  of  the 
TEC  hot  side. 


TE  leg  length  (mm) 

Figure  1 :  Maximum  (by  current  density)  cold  side  heat  flux 
density  versus  TE  leg  length  for  different  Rt  values. 


Fig.2  shows  the  variations  of  /min  and  q0max  with  increasing 
Rt  values  and  highlights  the  importance  of  using  high  heat 
conducting  substrates.  For  alumina  substrates  (thermal 
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conductivity  of  0.2W/cmK)  Rt  values  are  usually  of  the  order 
of  0.1-0.2Kcm2/W,  minimum  TE  leg  lengths  range  from  0.1 
to  0.7mm,  depending  strongly  on  the  operating  temperature 
difference  AT=Te-Tc.  This  gives  <70max  values  considerably 
below  50W/cm2  for  A7>20K. 

Because  of  the  much  higher  thermal  conductivity  of 
diamond  substrates  (12  to  18W/cmK),  the  thermal  resistance 
practically  vanishes.  This  enables  reducing  /rai„  to  its 
theoretical  limit  defined  by  electrical  contact  resistance  only 
(estimated  here  as  1.510'6  Qcm2).  Lower  /min  values  means 
that  q0max  values  can  be  increased  to  over  150W/cm2. 


Hot  side  thermal  resistance  (Kcrrf/W) 

Figure  2:  Minimal  TE  leg  length  and  maximum  cold  side  heat 
flux  density  versus  hot  side  thermal  resistance. 


Figure  3:  Scheme  of  TEC  hot  side  substrate. 

In  real  devices  however,  the  hot  side  TEC  thermal  resistance 
also  depends  on  the  heat  sink  thermal  resistance,  Rhs  for  a 


total  value  of  Rt=R^Rhs .  To  estimate  the  TEC  characteristics, 
separate  modeling  of  the  substrate  and  heat  sink  thermal 
resistances  must  be  conducted. 

Substrate  thermal  resistance 

Let  us  consider  a  substrate  section  related  to  a  TEC  junction 
(Fig.  3)  with  dimensions  2Ax2B  and  thickness  h .  Heat  is 
generated  in  a  junction  area  2ax2b  with  uniform  density  qx 
and  flows  three-dimensionally  into  the  highly  conductive  sink 
having  zero  temperature.  Other  top  and  side  surfaces  of  this 
section  are  adiabatically  insulated.  The  substrate  thermal 
resistance  is  defined  as  the  ratio  of  the  mean  integral 
temperature  at  the  junction  area  to  the  heat  flux  density  qv  A 
solution  of  Laplace's  equation  for  the  temperature  T(x,y,z) 
within  the  substrate  element  leads  to  the  following  equation 
for  R^\ 

K  = 

where 

(D  =  p  (1  +  25,  +  2S2  +  4S3)  (3) 


h  ( a  b  h  A 


(2) 


O  is  a  form  factor  characterizing  the  influence  of  TE  leg 
spacing,  and  S„  S2  and  S3  are  expressed  as: 


n=\  V 


*2=1 


«  =  1  V 


sin(X  a)^ 

Xa  J 

sin(ixb)^ 

Hb  J 

sin^a)^ 
Xa  ) 


2  tanh(A,&) 

Xh 

2  tanh(p/2) 

[ih 

2  y  f  sinQjj)>| 


(4) 


tanh(a  h) 
ah 


mn 


a  2  =  X2  +|i 


2 


where  (3 =ab/AB  is  the  TE  leg  packing  density  and  ks  is  the 
substrate  thermal  conductivity. 


Figure  4:  Reduction  of  substrate  thermal  resistance  with  TE 
legs  spacing. 
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Fig.4  shows  the  dependence  of  the  form  factor  ®  on  TE  legs 
spacing.  In  a  boundary  case  when  the  packing  density  is  unity 
(a=A,  b=B\  one  has  0=1  and  R^h! ks,  which  corresponds  to 
the  one-dimensional  heat  flow.  Increasing  leg  spacing 
considerably  reduces  substrate  thermal  resistance,  the  effect 
being  particularly  significant  for  high  values  of  h/a  ratio.  It  is 
also  clear  that  increasing  legs  spacing  to  A/a  >  3  does  not 
result  in  any  significant  additional  gains. 

Thermal  resistance  of  a  heat  sink 
Let  us  consider  the  physical  model  of  a  heat  sink  in  a  form 
of  semi-infinite  section  with  a  rectangular  heat  source  at  its 
surface.  Heat  flow  from  the  substrate  with  dimensions  of 
2Asx2Bs  enters  uniformly  into  heat  sink,  heat  flux  density 
being  of  qs=q$-  The  supporting  surface  is  adiabatically 
insulated  and  the  heat  sink  temperature  at  infinity  is  zero.  The 
thermal  resistance  of  such  heat  sink,  defined  as  the  ratio  of  the 
integral  mean  temperature  at  the  substrate  bottom  area  to  heat 
flux  density  qx,  can  be  expressed  as: 


41n^^ 

R-B' 


+BS  In 


R+4  2£-4-g 

R- 4  3  4Bs 


(5) 


Similar  TE  modules  with  alumina  substrates  were  also 
fabricated  to  provide  a  baseline.  Some  details  of  these  TECs 
arrangement  are  given  in  Table  1 . 


Table  1 .  Characteristics  of  experimental  samples 


Parameter 

TECs  with 
diamond 
substrates 

TECs  with 
alumina 
substrates 

Number  of  TE  legs 

120 

120 

TE  leg  length  (mm): 

0.2 

0.2 

TE  leg  cross-section  (mm): 

0.4x0.4 

0.4x0.4 

TE  leg  spacing  (mm) 

0.4 

0.4 

Top  substrate  thickness  (mm): 

0.56 

0.5 

Top  substrate  are  (mm): 

10.4x14.1 

9.6x8 

Bottom  substrate  thickness  (mm): 

0.56 

0.5 

Bottom  substrate  area  (mm): 

10.4x14.1 

9.6x9.6 

metallized  and  patterned  area 

9.2x7.6 

9.2x7.6 

Substrate  dimensions  (mm) 

Substrate  thermal  resistance 
per  unit  area  (Kcm2/W) 

1.5xl0'3 

0.1 

where  R  -  +  B2s  and  Khs  is  the  heat  sink  thermal 

conductivity.  If  As-Bs ,  (5)  can  be  reduced  to  the  formula: 

Rhs  ~  0.947  fiAjKfo  .  (6) 

Results  show  that  the  heat  sink  thermal  resistance  is 
proportional  to  the  substrate  linear  dimensions.  So  for  fixed  qx 
and  (3  values,  hot  side  substrate  superheating  increases 
linearly  with  increasing  module  edge  dimension.  For  example, 
using  a  substrate  with  dimensions  y4s=5s=10  mm  and  P=0.25, 
the  calculated  thermal  resistance  of  a  copper  heat  sink  is  0.06 
Kcm2/W.  This  resistance  approaches  the  value  obtained  for 
0.5mm  thick  alumina  substrates  but  is  much  larger  than  the 
one  achieved  for  diamond  substrates.  A  heat  flux  of 
250W/cm2  can  result  in  a  15K  temperature  gradient  at  the 
substrate-heat  sink  interface.  This  additional  superheating  by 
no  means  can  be  eliminated  in  such  a  model.  It  must  be  noted 
that  the  temperature  decrease  in  the  direction  of  the  heat  sink 
depth  is  rather  slow.  Even  at  a  depth  equal  to  the  substrate 
edge  dimension,  the  calculated  overheating  is  close  to  half 
the  maximum  temperature  rise  which  occurs  at  the  center  of 
the  sink  surface.  Thus,  heat  sink  thin  plate  geometry 
combined  with  intensive  heat  removal  from  its  bottom  surface 
are  highly  desirable  for  cooling  short-legged  TECs.  Another 
alternative  is  a  heat  sink  with  a  two-phase  heat  pipe  embedded 
under  the  substrate  bottom  and  directly  in  the  zone  of 
maximum  superheating.  To  estimate  Rhs  for  this  model 
equations  (2)-(4)  can  be  used  with  As  and  Bs  as  a  and  b 
respectively. 

Experimental  details 

Self-standing  diamond  films  were  produced  by  CVD 
technique  and  used  as  substrates  for  short-legged  TECs. 


The  modules  were  tested  in  vacuum,  operating  with  no  load 
operation  (ATmax)  as  well  as  with  heat  load  at  the  cold  side 
(£?max)-  The  hot  side  of  the  modules  was  maintained  at  303K 
using  ultra  thermostat  with  heat-transfer  liquid.  The 
temperature-sensitive  micro  resistor  mounted  at  the  heat  sink 
close  to  the  bottom  substrate  edge  was  used  for  hot  side 
temperature  control. 

The  dynamic  thermal  behavior  of  the  TECs  after  switching 
the  DC  source  on  was  also  studied.  Using  thermocouples  from 
copper  and  constantan  wires  0.03mm  in  diameter,  the  cold 
side  temperature  was  recorded  as  a  function  of  time. 

Results  and  discussion 

Fig.  5  plots  the  variations  in  temperature  gradient  at  the 
TECs  hot  and  cold  junctions  as  a  function  of  the  input 
electrical  current  and  under  zero  thermal  load  conditions. 


12  3  4 

Current  (A) 

Figure  5:  Dependence  of  TEC  temperature  difference  with 
input  electrical  current. 
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In  spite  of  extremely  short  TE  legs,  a  maximum  temperature 
difference  of  67K  was  obtained  for  the  cooler  with  diamond 
substrates,  a  result  comparable  to  the  performance  of 
commercial  coolers  with  TE  leg  length  of  1mm  and  higher. 
Because  of  the  hot  side  substrate  superheating,  a  lower  ATmax 
of  62K  only  was  measured  for  the  alumina-based  module. 


Figure  6:  Heat  load  characteristics  of  TE  microcooler  with 
diamond  substrate  (measured). 

It  should  be  noted  that  the  preliminary  configuration  of  the 
diamond-based  microcoolers  was  far  from  optimal  because 
their  substrate  area  substantially  (more  than  twice)  exceeded 
the  patterned  area  (see  Table  1),  resulting  in  increased  heat 
losses  at  the  cold  side.  Thus,  the  potential  for  further 
performance  improvement  exists  and  can  be  realized  in  future. 
Fig.  6  plots  the  variations  of  AT  with  different  heat  loads  at 
the  cold  side  for  the  diamond-based  microcoolers.  One  can 
see  that  the  device  can  maintain  a  AT  of  25K  even  with  a  heat 
load  of  up  to  8W.  This  makes  it  possible  to  use  such  devices 
for  cooling  solid  state  power  amplifiers  in  spacecraft 
applications  [2].  When  AT  is  completely  suppressed  the 
module  has  a  cooling  capacity  of  more  than  12 W  which 
corresponds  to  a  heat  flux  density  of  65W/cm2  at  the  cold 
junctions. 


Figure  7:  Dynamic  characteristics  of  experimental  sample. 


The  recorded  dynamic  characteristic  of  the  experimental 
module  with  diamond  substrates  is  displayed  in  Fig.7.  The 
calculated  characteristics  for  optimal  top  substrate  dimensions 
are  also  presented  here.  The  results  are  treated  in  the  form  of 
AT/AT„  time  dependence  and  show  that  the  device  required 
about  2s  to  achieve  its  ATmax.  Much  better  results  should  be 
achieved  when  superfluous  parts  of  the  top  substrate  are 
removed  and  its  thickness  is  diminished.  Corresponding  data 
are  shown  in  Table  2.  For  TEC  with  substrate  thickness  of 
0.3mm  the  time  to  achieve  0.9ATmax  is  expected  to  be  reduced 
to  only  0.36s  only. 


Table  2.  Time  to  achieve  specified  AT  (s) 


Top  ceramic 
dimensions  (mm) 

Specified  temperature 
difference  (K) 

0.37A7-raax 

0.5  A Tmm 

0.9  A  Tm 

h= 0.56,  F=10.4xl4.1 

0.25 

0.4 

1.3 

h=0.56,  F=  9.6x8 

0.13 

0.20 

0.67 

h= 0.3,  F  =9.6x8 

0.07 

0.11 

0.36 

Conclusion 

Use  of  diamond  substrates  in  short-legged  TE  microcoolers 
resulted  in  near  complete  elimination  of  the  undesirable 
superheating  at  the  TEC  hot  side.  A  maximum  temperature 
difference  of  67K  was  demonstrated  in  TECs  with  TE  legs 
0.2mm  long,  a  value  approaching  A7"max  for  commercial 
samples  with  TE  leg  length  of  1mm  and  higher.  Cold  side 
heat  flux  densities  over  60W/cm2  can  be  reached  by  such 
coolers  under  maximum  cooling  power  conditions.  This 
makes  them  ideal  to  solve  thermal  issues  related  to  high 
density  localized  heat  sources,  such  as  power  electronic 
devices.  Moreover,  50%  shorter  cool  down  time  have  been 
obtained  in  diamond-based  coolers  compared  to  alumina-  or 
berilla-based  coolers,  because  of  shorter  TE  legs  and  lower 
substrate  specific  heat. 
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Abstract 

The  inherent  reliability  of  thermoelectric  modules  (TEMs) 
can  be  destroyed  when  water  vapor  is  allowed  to  condense 
within  the  device.  This  causes  corrosion  in  the  TEM  and 
eventually  leads  to  catastrophic  failure.  TEM  manufacturers 
and  users  combat  this  problem  by  applying  sealing  agents  to 
the  perimeter  of  the  devices.  However,  not  all  sealing  agents 
are  equally  effective  or  even  beneficial  to  long-term,  reliable 
operation  of  the  TEM. 

This  paper  presents  an  analysis  on  the  various  sealing  agents 
used  through  out  the  industry.  Sealed  TEMs  were  cooled  in  a 
high  humidity  environment  and  monitored  for  the  visual 
evidence  of  water  and  it’s  associated  weight  gain. 

A  marked  difference  in  the  effectiveness  of  the  various 
sealing  agents  was  noted.  Some  sealing  agents,  such  as  the 
ubiquitous  silicone  rubber,  yielded  unacceptable  sealing 
capability.  That  is,  water  vapor  was  shown  to  easily  penetrate 
the  silicone  based  “sealant”  leaving  trapped  liquid  water 
inside.  In  sharp  contrast,  the  epoxy  sealant  was  found  to  be 
essentially  impervious  to  vapor  penetration. 

Introduction 

Thermoelectric  modules  (TEMs)  are  used  in  medical,  military 
and  aerospace  applications  where  reliability  is  of  utmost 
importance.  They  can  be  made  to  operate  for  hundreds  of 
thousands  of  horns  when  utilized  properly.  However,  their 
inherent  reliability  can  be  destroyed  when  water  vapor  is 
allowed  to  condense  within  the  device. 

Condensation  leads  to  corrosion  within  the  TEM.  Water 
mixes  with  residual  acidic  solder  flux  (used  during  the 
module’s  assembly)  and  creates  an  active  electrolyte  which 
can  be  highly  corrosive.  Solder  junctions  eventually  degrade 
until  the  TEM  is  rendered  useless  and  the  cooling  system  has 
undergone  catastrophic  failure.  These  failures  occur  most 
rapidly  when  TEMs  are  operated  continuously  in  a  high 
humidity  environment. 

Engineers  have  combated  this  problem  by  applying  sealing 
agents  to  the  outer  perimeter  of  the  TEM  between  the 
substrates.  Several  classes  of  sealing  agents  are  used 
throughout  the  industry.  These  include  acrylics,  epoxies, 
urethanes,  and  silicone  rubbers. 

Each  sealant  has  different  water  vapor  permeability 
characteristics.  Consequently,  their  effectiveness  also  varies. 
Some  sealing  agents  are  permeable  to  water  vapor,  allowing 
moisture  to  enter  a  sealed  TEM,  yet  they  prohibit  the 
condensed  water  from  escaping.  The  use  of  such  a  sealing 
agent  can  actually  be  more  detrimental  than  not  sealing  the 


device  because  the  water  can  neither  dry  or  drain  out  of  the 
module.  Conversely,  other  sealing  agents  are  practically 
impervious  to  water  vapor  and  can  make  otherwise  unreliable 
products  highly  reliable. 

This  paper  rates  the  effectiveness  of  four  sealing  agents  by 
employing  two  different  test  methods.  The  visual  test  used 
specially  made  TEMs  with  transparent  substrates  (see  Figure 
1).  The  TEMs  were  sealed  with  the  various  sealing  agents 
and  cooled  below  dew  point  in  a  high-humidity  environment. 
Visual  inspection  and  comparison  of  moisture  within  the 
TEMs  was  facilitated  through  the  transparent  substrates.  The 
crux  of  this  method  was  that  it  allowed  periodic  inspection  for 
internal  condensation  without  physically  destroying  the  TEM 
(separating  one  substrate  from  another). 


Figure  1  Transparent  TEM  After  Sealing 


The  second  test  monitored  moisture  penetration  by  tracking 
the  weight  gain  of  a  TEM.  Standard  TEMs  were  sealed  with 
the  various  sealing  agents.  Next,  they  were  cooled  below  dew 
point  in  a  high-humidity  environment.  The  TEMs  were  then 
periodically  removed  and  weighed  on  a  high  resolution 
laboratory  scale.  The  effectiveness  of  each  sealing  agent  was 
determined  by  measuring  the  weight  gained  by  each  of  the 
TEMs.  This  weight  gain  is  directly  correlated  to  the  amount 
of  water  condensed  within  each  TEM. 

Selection  of  Sealants 

The  four  classes  of  sealants  chosen  for  this  study  were 
acrylics,  epoxies,  polyurethanes,  and  silicone  rubbers.  All 
classes  are  currently  being  used  in  the  thermoelectric 
industry.  One  specific  sealant  was  chosen  to  represent  each 
class.  The  Dow  Coming  738  silicone  rubber  and  TE 
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Technology  1034-01  epoxy  were  chosen  because  they  are 
known  to  be  used  on  existing  products.  3M  606NF  acrylic 
and  Sikaflex  221  were  recommended  by  a  sealant  distributor 
because  they  offered  good  adhesion  characteristics,  were 
relatively  common,  and  were  easy  to  work  with.  No  vapor 
permeability  data  was  available  for  any  specific  sealant  in  any 
of  the  classes. 

Experimental  Apparatus 

The  experimental  apparatus  consisted  of  a  thermoelectrically 
cooled  cold  plate  contained  within  a  high  humidity 
environment.  The  cold  plate  was  a  19  mm  thick  aluminum 
base  plate,  approximately  150  x  200  mm  in  length  and  width, 
which  provided  an  isothermal  platform  to  cool  the  TEMs. 
Aluminum  pedestals  (40  mm  square,  14  mm  thick)  were 
evenly  spaced  and  bonded  to  the  cold  plate.  All  areas  of  the 
cold  plate  not  covered  by  the  pedestals  were  covered  with 
insulation.  Band  clamps  were  then  placed  on  the  cold  plate, 
strapping  the  TEMs  against  the  pedestals.  Figure  2  details 
this  apparatus.  The  thermoelectric  cold  plate  was  driven  by  a 
power  supply  /  temperature  controller  which  maintained  the 
temperature  of  the  pedestals  at  4  ±  1°C. 


The  environmental  chamber  consisted  of  an  enclosure  with 
dimensions  of  0.75  x  0.75  x  1.25  mm.  A  small  humidifier 
was  placed  inside  the  chamber  to  elevate  the  relative  humidity 
above  90%.  The  temperature  within  the  chamber  was  28  + 
2°C  throughout  the  experiment.  The  entire  experimental 
apparatus  is  depicted  in  Figure  3. 


mm,  127  couple  device  was  chosen  for  these  tests.  Pellet 
geometry  was  1.4  x  1.4  nun  square  by  1.6  nun  tall. 
Separation  between  (he  substrates  was  2.2  min  (the  thickness 
of  two  conducting  tabs  plus  the  pellet  height). 

Each  of  the  four  TEMs  were  sealed  with  one  of  the  commonly 
used  sealing  compounds  (acrylic,  epoxy,  polyurethane,  or 
silicone  rubber).  The  sealant  extended  into  the  TEM 
approximately  3.0  mm  between  the  pellets.  The  TEMs  were 
clamped  onto  the  cold  plate  and  placed  in  the  environmental 
chamber.  Moisture  within  the  TEMs  condensed  and  dried  the 
air  trapped  within  the  TEM.  Thus,  an  absolute  humidity 
differential  was  established  across  the  potting  compound 
which  “pumped”  water  into  the  module  via  osmosis.  The 
TEMs  were  then  removed  and  inspected  on  a  daily  basis. 

Weight  Gain  Test  Method 

The  weight  gain  test  method  monitored  the  weight  of  a  TEM 
as  it  was  exposed  to  a  humid  environment. 

This  test  for  moisture  penetration  utilized  four  TEMs  with 
standard  pressed  and  sintered  ceramic  substrates.  A  40  x  40 
mm,  127  couple  TEM  was  chosen  for  this  test  as  in  the 
previous  test.  Pellet  geometry  of  the  TEMs  was  1.4  x  1.4  nun 
square  by  1.5  mm  tall.  Separation  between  the  substrates  was 
2.3  mm.  Lead  wires  were  not  attached  to  the  TEM. 

Each  of  the  four  TEMs  were  sealed  and  subjected  to  the  same 
high  humidity  environment  as  in  the  visual  test.  The  TEMs 
were  periodically  removed,  dried,  and  weighed  on  a 
laboratory  scale  with  a  resolution  of  0.0001  grams.  Weight 
gain  was  directly  attributed  to  the  penetration  and  collection 
of  moisture  within  the  TEM. 

Results  and  Discussion 

The  results  of  the  visual  test  method  are  compiled  in  Table  1. 
The  TEMs  sealed  silicone  rubber  and  acrylic  sealants  both 
showed  condensation  within  24  hours  of  exposure  to  the  test 
environment.  The  TEM  sealed  with  the  polyurethane  sealant 
underwent  72  hours  of  exposure  before  showing  condensation 
within  the  TEM. 


Visual  Test  Method 


The  visual  test  for  moisture  penetration  utilized  four  specially 
fabricated  TEMs  with  transparent  substrates.  These 
substrates,  made  from  highly  polished,  single-crystal 
aluminum  oxide,  allowed  visual  means  for  inspection  of 
condensation  within  the  TEM.  An  industry  standard  40  x  40 


Table  1 


Sealant  Type 

Exposure  Time  Before 
Condensation  Detected 

3M  606NF  Acrylic 

24  Hours 

Data  Not  Meaningful 

SIKAFLEX  221  Polyurethane 

72  Hours 

DOW  738  Silicone  Rubber 

24  Hours 

Condensation  also  appeared  inside  the  epoxy  sealed  TEM 
within  24  hours  of  exposure.  This  TEM,  in  fact,  absorbed 
more  water  than  any  other  in  the  initial  24  hours  of  testing. 
The  data  was  judged  not  meaningful,  however.  Inspection  of 
the  TEMs  before  testing  revealed  that  the  epoxy  would  not 
properly  bond  to  the  highly  polished  substrates.  Slight 
shrinkage  of  the  epoxy  upon  curing,  combined  with  this 
insufficient  bond,  yielded  an  air  gap  between  the  substrate 
and  the  sealing  agent.  Thus,  the  TEM  was  not  adequately 
sealed  and  condensation  fully  expected. 

The  results  of  the  weight  gain  test  method  are  shown  in 
Figure  4.  Clearly,  the  epoxy  sealant  had  the  lowest  weight 
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gain  (zero,  within  the  error  of  measurement).  TEMs  used  in 
this  test  were  made  with  pressed  and  sintered  ceramic 
substrates.  These  substrates  had  a  rougher  surface  texture 
and  facilitated  a  proper  bond  with  the  epoxy  sealant. 
Therefore,  the  epoxy  was  capable  of  sealing  the  TEM  (unlike 
the  visual  test).  The  remainder  of  the  weight  gain  results 
seemed  to  correlate  with  the  visual  test  results.  Silicone 
rubber  and  acrylic  sealants  gained  the  most  weight;  and  the 
polyurethane  sealant  was  considerably  better  but  far  from 
perfect. 


0  24  48  72  101  144 

Hours  of  Bcposure 

+  DOW  738  S  lie  one  *  3M  606NF  Acrylic 

•4-TE  Technology  1034-01  Epoxy  e  SKA  FLEX  221  Ftalyurethane 


Figure  4  Weight  Gain  of  Thermoelectric  Modules 

The  results  obtained  in  these  tests  are  relative  in  nature.  They 
do  not  yield  TEM  failure  rates  relative  to  the  amount  of 
internal  condensation.  One  can  only  make  the  inference  that 
failure  rates  will  increase  with  increasing  condensation  levels. 

Published  data  regarding  the  vapor  transmission  rates  of  the 
sealant  classes  is  shown  in  Table  21  (data  was  unavailable  for 
the  specific  sealants).  This  data  supports  the  effectiveness  as 
ranked  by  the  testing.  The  published  data  also  indicates  that, 
while  polyurethanes  can  have  lower  transmission  rates  than 
silicones,  they  can  also  have  higher  transmission  rates. 
Epoxies,  as  a  rule,  have  lower  transmission  rates  than 
polyurethanes  and  silicones. 


various  classes  of  sealants  also  indicates  that  epoxies  are  the 
most  effective  choice  for  TEM  sealing. 

Silicone  rubber,  the  most  commonly  used  sealant,  proved  to 
be  the  least  effective  of  all  the  types  tested.  This  sealant  was 
very  permeable  to  water  vapor  yet  blocked  condensed  water 
from  leaving  the  TEM.  Using  such  a  sealant  would  actually 
be  detrimental  and  not  beneficial  for  many  applications. 
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Table  2 


|  PUBLISHED  PERMEABILITY  DATA 

Type 

Vapor  Transmission  Rate 
g«mm/m2»day 

Acrylic 

Not  Listed 

Epoxy 

0.7  -  0.94  ' 

Polyurethane 

0.94  -  3.43 

Silicone  Rubber 

1.73-3.11 

Conclusion 


Epoxy  based  materials  should  be  used  when  sealing  TEMs 
against  water  vapor.  Acrylic,  silicone  rubber,  and 
polyurethane  based  sealants  proved  inferior  to  epoxy  in  direct 
comparison  testing.  Published  vapor  transmission  data  for  the 
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Abstract 

Thermoelectric  Coolers  (TECs)  are  a  kind  of  very  reliable 
solid-state  devices  which  do  not  make  any  noise,  harmful 
fluids  or  gases.  TECs  have  been  widely  used  in  fields  of 
industry,  agriculture,  science  research  and  national  defense. 
In  pace  with  the  increasing  use,  TECs’  research  on  reliability 
is  putting  on  the  order  of  day.  This  paper  introduces  the 
method  for  reliability  design,  which  is  in  parallel  with  diode. 
Thermoelectric  cooling  module  is  consist  of  some  couples  of 
thermoelements,  connected  in  series  by  copper  tabs.  If  a  solder 
joint  breaks,  the  thermoelectric  cooling  module  fails.  So 
redundancy  can  be  used.  The  thermoelements  is  divided  into 
some  groups,  and  every  group  is  parallel  with  a  diode.  If  a 
thermoelement  fails,  the  parallel  diode  conducts,  so  the 
thermoelectric  cooling  module  continues  operating.  Thus  the 
reliability  is  improved  greatly.  As  a  result  of  abundant 
calculation  and  series  experiments,  the  failure  rate  of 
thermoelectric  cooling  module  decrease  by  40%,  the  electric 
current  reduce  by  4%,  the  cooling  power  cut  down  by  4%.  The 
negative  function  is  not  obvious.  The  design  method  will 
satisfy  high  reliable  demand  of  some  circles. 

Introduction 

Thermoelectric  cooling  modules  (TEMs)  are  Peltier  effect 
based  heat  pumps,  which  are  solid  state  devices  without 
mechanical  rotating  parts.  TEMs  have  long  life  times,  operate 
noiselessly  and  release  off  no  harmful  substances.  They  can 
operate  independently  on  the  direction  and  the  place  of 
arrangement.  For  these  advantages,  TEMs  are  widely  applied 
on  industry,  medical  science,  agriculture  and  communication. 
TEMs  consist  of  several  couples  of  thermoelement, 
electrically  connected  in  series  by  copper  tabs,  thermally 
coupled  with  heat  sinks  on  hot  side  and  cold  side  by  alumina 
ceramic.  This  construction  is  shown  in  Fig.1. 


1  -  ceramic 

2  -  copper  tab 


3  -  thermoelement 
Fig  1:  The  construction  of  TEM. 

Now,  TEMs  are  broadly  used,  especially  in  missile  guidance, 
radar  systems,  communication  etc.  The  reliability  of  the 


TEMs  are  required  highly.  So  it  is  very  important  to  improve 
the  reliability  of  TEMs. 

There  are  several  methods  for  reliability  design  of  TEMs,  such 
as  derating,  redundant  design,  thermal  design  and  waterproof 
techniques.  When  other  methods  are  exhausted,  and  the 
reliability  can  not  be  satisfied  yet,  the  redundant  design, 
which  is  a  method  adding  the  number  of  parallel  unit  to 
arrange  one  or  more  substitute  passage  on  a  system,  could  be 
used. 

Principle  of  reliability  design 

1  The  Model  of  Reliability  of  TEM 

Typically,  thermoelectric  cooling  modules  consist  of  several 
couples  of  thermoelement,  connected  in  series  by  copper  tabs. 
Every  themoelement  in  TEMs  includes  two  solder  joints. 
When  a  solder  joint  breaks,  the  TEM  fails.  So  the  model  of 
reliability  of  TEM  is  shown  as  Fig.2. 

Fig  2:  The  reliability  model  of  TEM. 

The  failure  rate  of  TEMs  can  be  regarded  as  the  sum  of  failure 
rate  of  all  solder  joints.  If  X  is  regarded  as  the  mean  failure 
rate  of  each  solder  joints,  then  we  find  out: 

X  =  4  nXi  (1) 

X  —  the  failure  rate  of  TEM 
n  —  the  couple  numbers  of  thermoelement 

2  The  principle  of  redundancy 

Redundancy  is  an  added  device  or  method  to  complete  a  given 
function.  Even  if  a  part  of  system  is  out  of  order,  the  system 
can  also  work  normally.  Redundancy  can  increase  the 
reliability  of  system  greatly.  Redundancy  include  system 
redundancy  and  element  redundancy.  The  reliability  of  the 
latter  is  higher  than  the  former.  The  latter  can  be  used  to 
increase  the  reliability  of  TEM. 

Parallel  redundancy  is  used  widely.  The  main  using  range  is 
to  provide  inconvertible  protection  against  failure  for  a 
continuous  running  system.  Because  all  thermoelement  are  in 
series,  diode  is  in  parallel  with  thermoelement  to  achieve 
parallel  redundancy,  as  shown  in  Fig  3: 


Fig  3:  Parallel  redundancy. 

Thermoelements  are  divided  into  some  groups,  each  of  which 
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is  in  parallel  with  a  diode.  When  TEM  works  normally,  the 
voltage  of  every  group  thermoelements  is  lower  than  the 
conduction  voltage  of  diode,  so  the  diodes  don’t  conduct. 
When  a  solder  joint  of  any  group  fails,  the  voltage  of  diode 
exceeds  the  conduction  voltage ,  the  diode  which  is  parallel  to 
this  group  conducts,  so  other  groups  of  thermoelement  can 
also  work  normally.  TEM  can  be  on  operation. 


Mathematics  model 

1  General  Mathematics  Model  of  Redundancy 

(1)  serial  system 

X  -  Xl+---+Xn  (2) 

n  —  the  number  of  serial  units 
X  —  the  failure  rate 

(2)  Parallel  system  with  two  units 

k  =  Ymtbf  (3) 

MTBF  =  -  +  —  1  -  (4) 

Xl  X2  Xl+X2 

MTBF  —  the  Mean  Time  Between  Failure 


(3)  series/parallel  mixed  system 

In  mixed  system,  a  independent  parallel  system,  when 
regarded  as  a  unit  to  combine  with  other  unit,  so  supposed  as  a 
parallel  system.  For  example,  numbers  of  parallel  system 
which  include  two  units  is  in  series  connection: 


X  =  n  x 


vAj  x2  xx + X2J 


(5) 


2  Reliability  of  TEM: 

The  mean  failure  rate(A^ )  of  each  solder  joint  for  TEMs  which 
reported  from  Marlow  Industries  Inc.  is  3x10  /h  1 2 1 . 

Such  as  TEC  1-12703,  n=127,  when  rated  voltage  is  12V, 
then 

X=4nXi=1.524  *  10  '  5/h  (6) 

If  we  increase  two  diodes  on  the  TEM,  then  the  structure 


is  : 

63.5  x  4  63.5  x  4 


Fig  4:  The  structure  with  two  diodes  parallel. 


From  the  table,  appendix  2  ‘failure  rate  of  diode’ 131  ,  we 
have  Xo,  the  failure  rate  of  diode,  is  2  x  10  8  /h. 

We  can  see  from  Fig.4  that  the  reliability  model  is  series  by 
two  parallel  branchs,  and  the  failure  rate  of  each  parallel 
branch  is: 

=  Ymtbf  (7) 


MTBF  = 


i  j_ 

254/1,  X0 


254/1,  +  X0 


(8) 


=  50000343.54/t 


X,  =  2.0x10'8//z  (9) 

So  for  the  whole  system,  we  have 

X  =  2/1,  =  4.0  x  10~8  /  h  (10) 

and  so  on,  when  the  TEM  is  in  parallel  with  four  diodes,  then 
A  =  8.0  x  10-8  /  h  (11) 

when  eight  diodes  is  parallel 

A  =  1.6xl(r7//i  (12) 

The  above  calculation  shown  that  eight  diodes  parallel 
redundancy  decrease  the  failure  rate  by  10'2  times  ,  and  the 
reliability  increase  by  a  big  margin. 


The  redundancy  structure  and  its  effect 
1  Choose  of  the  Reliability  Structure 
As  a  result  of  the  calculation  above,  the  number  of  the  diode 
parallel  takes  effect  on  the  reliability  in  equal  degree.  But  it  is 
different  for  the  thermoelectric  performance.  If  two  diodes 
were  in  parallel,  only  half  of  the  thermoelements  of  TEM 
would  work  when  a  solder  joint  failed.  So  the  cooling  power 
and  the  temperature  difference  is  obvious  decreased.  The  more 
diodes  were  in  parallel,  the  less  effect  to  performance  from 
solder  joint  failing  would  be.  But  it’s  not  absolute,  when  a" 
TEM  works  normally,  excessive  parallel  diode  will  affect  the 
performance.  So  in  TEM  with  127  couples  we  use  eight  diodes, 
the  thermoelements  are  divided  into  eight  group,  every  two 
line  is  in  parallel  with  a  diode.  Show  as  Fig.5.  This  structure 
reduces  the  diode’s  effect  to  the  lowest. 


TECI-12703 


Fig  5:  TEM  with  eight  diodes. 


2  Estimation  of  the  Effect 

From  the  above  mentioned  structure,  diode  parallel  take  effect 
on  the  performance.  On  the  same  working  voltage,  because 
diode  have  a  little  leakage  of  current,  the  working  current  of 
TEM  is  less  than  that  of  before. 
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(13) 


ATm-AT  (I-Im)2 

I2m 

When  current  deviate  20%  from  normal  value,  the 
temperature  difference  deviate  4%. 


0  =  KAT 

cm  tn 


1- 


A  T 


AT 


Qc=KATm  2 i-i2- 


A  T 
AT , 


(14) 


where  i  =  //  Im,  when  current  deviate  20%,  Qc  deviate 
4%. 


From  the  calculation,  parallel  diode  do  not  affect  the 
performance  obviously.  Supposed  a  solder  joint  fails,  one 
diode  would  conduct  and  replace  a  group  of  no  working 
thermoelements,  so  it  would  not  affect  every  working 
thermoelement,  the  TEM  continues  working.  But,  for  1/8 
thermoelements  are  loss,  the  cooling  power  decrease  1/8,  the 
temperature  difference  on  the  broken  thermoelement  is  lower, 
others  are  not  taken  any  effect.  Because  the  substrate  conduct 
heat,  there  is  uniform  in  the  surface  of  the  temperature.  But  if 
two  and  more  solder  joints  failed,  the  cooling  power  would 
decrease  more  than  1/4,  then  TEM  could  not  work  normally, 
the  temperature  difference  would  not  satisfy  the  user’s 
demand. 


Experiment 

We  can  demonstrate  from  experiment  for  the  discussion  above. 
We  take  one  TEC1-12703,  firstly  we  test  the  thermoelectric 
performance,  then  we  divide  the  thermoelements  into  eight 
groups,  every  of  which  is  in  parallel  with  a  diode,  the  structure 
is  shown  in  Fig.6.  Then  we  measure  the  thermoelectric 


The  result  of  experiment  is  shown  in  table  1. 


Voltage  Current 

V  A 

Qcmax 

W 

Th 

*C 

Tc 

'C 

before 

soldering 

5.0 

1.21 

18.9 

30.0 

-6.0 

after 

soldering 

5.0. 

1.02 

18.3 

30.0 

-5.4 

From  the  table  1  we  found  that  soldering  of  diodes  take  little 
effect  on  the  thermoelectric  performance. 

Then,  we  break  a  center  solder  joint  of  TEM,  measure  the 
temperature  difference  and  the  cooling  power.  The  result  is 
shown  in  table  2. 


Voltage  Current 

Qcm 

Th 

Tc 

V 

A 

W 

’C 

*C 

before 

breaking 

5.0 

1.02 

18.3 

30.0 

-5.4 

after 

center  1.1 

breaking 

5.0 

0.99 

13.2 

30.0 

side  0.5 

Table  2:  the  performance  parameter  of  TEM  before  and 
after  breaking  the  solder  joint 

From  the  table  2  we  found  the  measure  result  consistent  with 
the  preceding  calculation. 

Conclusion 

Discussion  and  experiment  on  the  above  has  proved  that  the 
method  of  diode  parallel  increase  the  reliability  of  TEM. 
Soldering  of  diode  takes  little  effect  on  the  performance.  In 
normal  working  the  diode  don’t  conduct.  When  a  solder  joint 
fails,  the  diode  conduct,  the  TEM  continue  working.  So  the 
reliability  is  increased,  high  reliability  demand  in  some 
application  is  satisfied.  However,  because  the  replace 
passageway  is  diode,  it  replaces  a  part  of  thermoelement, 
some  cooling  power  and  temperature  difference  would  been 
lost.  When  more  than  two  solder  joints  in  different  branch 
break,  the  TEM  could  not  satisfy  the  user’s  demand  yet.  So 
other  redundancy  design  could  been  required.  Such  as 
redundancy  inside  the  TEM,  change  the  arrange  of 
thermoelements,  use  thermoelemants  as  replace  passageway, 
so  as  to  reduce  the  effect  to  lowest. 
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Abstract 

Results  of  thermodynamic  characteristics  of  the 
combined  cooling  system  consisting  of  a  thermoelectric 
cooler  and  a  jet  cooler  in  the  form  of  a  vortex  tube  have  been 
given.  General  relations  for  their  description  based  on  the 
exergetic  method  of  thermodynamic  system  calculations  have 
been  obtained.  Results  supporting  such  devices  efficiency 
have  been  presented.  Experimental  results  of  such  system 
variations  study  have  been  given.  Possibilities  of  their  use  in 
flying  vehicles  for  electronic  equipment  cooling  have  been 
considered. 

The  essence  of  the  problem 

Solid  state  thermoelectric  coolers  (TEC)  characterized 
by  unique  operating  properties  find  wider  application  in 
developing  of  cooling  devices  and  heat  protective  devices  of 
various  purposes  starting  from  50th. 

In  particular,  it  is  known  the  achievements  of 
specialized  companies  of  thermoelectric  instrument  building 
in  design  of  a  number  of  thermoelectric  modules  for  IR- 
detectors  cooling;  heat  protection  of  semiconductor  elements 
of  units  for  information  processing  and  laser  radiators  OKG; 
electric  energy  generation  by  thermogenerators  (TEG)  with 
different  sources  of  thermal  energy  [1,  2,  3]. 

It  should  be  noted  that  an  elaborator  of  complex  modem 
machinery  could  not  always  manage  to  solve  optimization 
problems  in  designing  of  cooling  devices  based  on  TEC  not 
solving  at  the  same  time  problems  of  maximum  allowable 
temperature  (7*)  of  its  radiator  (heat  remover)  ensuring. 
Energy  consumption  of  TEC  can  be  realized  both  as  in  quasi¬ 
stationary  regime  (a  cooler  of  a  standard  IR-radiator,  a 
module  within  TEC)  and  in  intensive  regimes  with  given 
cycling  (thermal  protection  of  OKG  radiator). 

The  conducted  analysis  of  technical  solutions  on  the 
choice  of  a  generator  variant  that  enable  to  state  TEC's  heat 
remover  temperature  in  the  given  operation  regimes  revealed 
the  prospectiveness  of  vortex  apparatus  (VA)  application  that 
realized  the  Rank  effect  (193 1). 

Vortex  apparatus  (or  usually  called  as  vortex  tube) 
consists  of  nozzle  unit  (a  body  with  axial  openings  in  the 
front  wall  and  tangently  located  channel  (channels)  for 
compressed  gas  input  and  giving  it  an  initial  rotation);  a 
chamber  of  energy  interaction  of  axial  and  marginal  gas 
flows;  a  unit  for  control  of  "cold"  and  "hot"  gas  flows  relation 
that  traditionally  made  in  a  cone  form  and  padding  with 
respect  to  the  chamber  end,  and  further  a  constrictor. 

The  compressed  gas  is  carried  to  the  nozzle  unit,  the 
cooled  flow  is  removed  through  an  axial  opening,  the  hot  one 
from  the  constrictor  over  its  margin.  In  accordance  to  the 
hypothesis  of  eddy  interaction  [4]  the  eddy  effect  nature  is 


explained  by  the  energy  redistribution  between  axially  rotated 
gas  flows  characterized  by  a  quasi-solid  body  rotation  law 
(axial  zone,  "forced"  eddy)  and  quasi-potential  flow 
(marginal  zone,  "free"  eddy). 

Various  problems  predetermined  the  development  and 
investigation  of  vortex  apparatus  special  structures  VA: 
dividing  counterflow  (DVA);  cooled  (CVA);  self-vacuuming 
(SVA)  ones.  The  indicated  types  of  VA  are  used  both  as 
independently  and  as  a  part  of  staged,  step  circuit  of 
connection.  The  listed  basic  variants  of  apparatus  are 
characterized  by  simplicity,  reliability  of  structure  (no  moving 
and  rotating  parts),  normal  operation  in  the  wide  range  of 
media  parameters  change  by  pressure,  temperature,  moisture 
content.  They  are  essentially  differed  by  structures, 
thermodynamic  characteristics  and  mode  of  heat  deliveiy  to  a 
consumer  (Fig.l,  2). 

Thus,  under  the  operation  of  GVA  the  relation  of  "cold" 
(Gc)  and  "hot"  (Gh)  flows  (valuable  for  consumers) 
characterizes  the  apparatus  work  at  the  regimes  of  maximum 
temperature  efficiency  Ju  =  Gc  /  ( Gc  +  Gh )  =  0.2  -  0.3  and 
maximum  energy  efficiency  //  =  0.7  -  0.9.  For  instance,  CVA 
with  the  nozzle  sectional  diameter  of  20  mm  (180  mm  long) 
at  the  flow  expansion  degree  n  =  PJPj=  3  (where  P,„,  Pc  is 
pressure  of  input  and  "cold"  gas  flows,  respectively)  at  the 
regimes  /^=0.2  and  0.8  provides  the  flux  cooling  for  39  and 
18  K,  respectively;  Gc  =  0.01  and  0.04  kg/sec. 

The  relative  temperature  of  the  CVA  with  the  24  mm  in 
diameter  "cold"  flow  (&c  =  Tc  /  Tin,  where  Tc  and  Tin  are 
temperatures  of  "cold"  and  output  gas  flows  for  fj.  =  0.2  ...  0.8 
and  n-  1.05  ...9.0,  is  described  by  the  dependence 

02*,  =  1.02777704  -  0.06452358  •  n + 0.003360279 1  •  n1  + 

+M  -(-0.0288656 1 + 0.047720934  •  n  -  0.002 10673  •  n1 ) 

The  inclusion  of  the  scale  factor  at  the  CVA  dimension 
reduction  to  d=8mm  is  recommended  to  make  according  to 
the  dependence 

•(■!+  {0.36  +  (^- 42)-0.06} -(0.024 -rfj) . 

here  d  [m]. 

Cooled  VA  are  made  with  flowing  liquid  heat 
exchangers  placed  on  the  forming  chamber  of  energy 
interaction;  cooled  liquid  input  is  performed  near  the  nozzle 
unit,  its  disposal  is  at  the  constrictor.  The  effected  in  such 
structure  additional  intensive  cooling  allows  to  increase  the 
apparatus  figure  of  merit  by  a  factor  of  3-4. 

Described  VA  structures  allows  to  cool  TEC  radiator- 
heat  exchanger  from  a  distance  to  the  temperature  Tc  that  is 
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very  promising  for  a  number  of  problems.  S0,  according  to  [1] 
two  three-  and  four-stage  modules  (Mj2063,  Mj3021T  and 
Mj4012,  respectively)  can  be  used  when  designing  a 
combined  cooler  (TEC+VA)  for  the  level  Tc  =  210K  at  the 
heat  load  on  TEC  Q0  =  0.08  W  (Toc  =  33K)  depending  on 
7V=300  -  333  K.  Cost  of  the  indicated  modules  at  a  lot  of  10- 
90  pieces  is  $140-490,  respectively.  Here  the  essential 
dimensions  and  electric  power  consumption  increase  with 
stage  increase  at  Tmax  regimes  should  be  taken  into  account.  It 
was  stated  by  the  design  investigations  over  the  given 
dependences  0W  that  DVA  with  10  mm  in  diameter  at 
r,„=333K  and  n=  2.0  will  make  it  possible  to  state  Th  at  the 
level  of  300K.  Cooling  performance  of  DVA  is  6.5  W  and 
two  stage  TEC  consumption  at  ATmax  ~  90K  is  5.5W.  Thus 
the  stated  problem  solution  is  possible  with  the  use  of  a  two- 
stage  TEC  cooled  by  a  10  mm  DVA;  when  thermostatting  a 
TEC  base  at  the  level  of  333K  it  is  necessary  to  use  a  four- 
stage  module  (Ptec  =  7.5  W,  cost  -  $490).  For  a  number  of 
devices  characterized  by  a  radical  possibility  of  a  radiator 
cylindrical  heat  sink  placement  in  VA  the  promising  may  be 
the  use  of  SVA.  The  distinctive  feature  of  SVA  from  the 
previously  described  types  is  the  insertion  an  open  unwinded 
difluser  instead  of  an  usual  restrictor  [5].  This  provides  the 
possibility  of  more  full  conversion  of  the  kinetic  energy  of  the 
entered  into  the  "hot"  zone  of  VA  flow  into  the  pressure 
energy.  A  sharp  pressure  decrease  along  the  apparatus  axis  is 
occurred  at  die  simultaneous  improvement  of  the  heat 
exchange  conditions  between  axial  and  marginal  vortexes, 
the  cooling  effect  of  axial  elements  in  comparison  with  DVA 
is  increased.  The  relative  temperature  of  the  axial  cylinder 
dependence  on  its  relative  diameter  for  different  values  of  the 
supplied  additional  electric  energy  is  given  in  Fig.2.  The 
calculated  values  of  the  "cylinder  surface-  gas"  heat  exchange 
coefficient  are  varied  from  400  to  700  W/mK  that  is 
impossible  in  principle  in  low-pressure  pneumatic  systems. 
When  inserting  an  axially  symmetric  cylinder  of  10mm  in 
diameter  into  SVT  of  30  mm  in  diameter  the  effect  of  its 
cooling  ATef  for  68K  at  P,„  =  0.2  MPa  is  observed.  So  to 
solve  the  previously  given  problem  of  IR-detector  cooling  a 
single  stage  TEC  cooled  by  SVT  will  be  sufficient. 

The  use  of  the  indicated  coolers  containing  TEC  and 
VA  is  the  most  promising  for  mobile  units  (VA  feed  is  the 
head  of  running  air  flow,  built-in  systems  of  pneumatic 
control,  conditioning)  and  with  the  availability  of  pneumatic 
mains  of  waste  gas. 

The  temperature  efficiency  coefficient  (77 T  =  ATX  /  ATS) 
and  adiabatic  efficiency  77  =  ATX  /  ATS,  where  ATX,  ATS  are 
effect  of  the  flow  cooling  (Tin  -  Te(c)  =  ATC )  and  the  cooling 
effect  at  isoentropic  gas  expansion  with  parameters  (P,„,  Tin) 
to  the  cooled  flow  pressure  (of  the  cylinder)  are  used  for 
performance  evaluation  of  VA  operation  and  for  their 
comparison  with  other  types  of  energy  converters.  According 
to  data  of  [4]  the  level  of  ?7/  =  0.7;  77  =  0.32  has  been  reached; 
for  SVT  77?- reaches  0.83. 

Thermodynamic  perfection  of  the  combined  device 
containing  TEC  and  VA  must  be  evaluated  on  the  base  of  the 
exergetical  method  because  only  exergetical  efficiency  (t]e) 


considers  temperature  levels  of  gas  flows,  ambient;  fairly 
evaluates  the  converters  perfection  degree  of  different  energy 
type  [5],  The  exergetic  efficiency  of  the  combined  cooler  is 
determined  from  the  equality  [6]: 

77  1  j?va  .  ■  p  n?c  r  va 

..CO  Pout  +  Eout  _  "TEC  -rte  +£W  ‘It  m 

*le  ~  „VA  —Z - "  c-  I  p  ’  W 

E in  +  P1 TEC  E'n  +  TEC 

where  Eout  =  Q0WC  ■  (Toc  -  Tc)  /  Tc  is  the  useful  exergy  of 
TEC. 

E0UrMinVA  •  e,  -  useful  exergy  of  VA;  MinVA  is  mass  of  a 
gas  introduced  in  VA, 

V.WC  =  \QomC  ■  (Tm  -  Tc)  /  Te]  /  Ptec 
is  the  exergic  efficiency  of  TEC. 

VA  A  +(!-/')•«* 

is  the  exergic  efficiency  of  VA; 

ei  =  Cp{Tj  —  T0c)  ~ Toc(cP  In— p  J» 

V  ioc  PocJ 

where  e,  is  the  specific  exergy  value  of  "cold"  (ee),  "hot"  (eh) 
and  introduces  gas  flows  (es),  Cp  is  gas  heat  capacity  at 
constant  pressure,  R  is  an  universal  gas  constant. 

To  determine  the  extremum  of  the  value  77/0  it  is 
necessary  to  have  constraint  equations  between  cooled  gas 
flow  temperature  and  TEC  heat  sink  temperature;  VA  cooling 
performance  and  power  value  supplied  to  TEC  (Ptec). 

The  following  inequalities  must  be  fulfilled: 

T™<KTTh,  (2) 

m™mC$a{t0c-tc) 

- - : - ^>1,  (3) 

Ptec  +  Qoc 

where  KT  is  the  coefficient  characterizing  thermal  resistance 
of  heat  bridge  "VA-TEC". 

Having  the  equations  (l)-(3)  and  using  VA,  TEC 
structures  calculation  methods  optimized  over  the  required 
parameters  (dimensions,  temperature,  cooling  performance  ) 
determine  the  optimized  construction  (OC). 

Value  Th  connected  by  the  equation  (2)  with  Tc  is  the 
controlling  factor  when  determine  (r]e). 

Varied  parameters:  to  TEC  -  properties  of  TEC 
semiconductor  materials,  number  of  stages,  limitations  to 
thermobattery  feed  and  dimension  conditions;  to  VA  -  flow  n 
expansion  degree  (min ...  max);  overall  dimensions. 

Under  the  failure  of  requirements  (2),  (3)  by 
independent  VA  one  should  evaluate  the  use  prospectiveness 
of  two  or  more  VA  stage  or  step  connections  [7], 

The  evaluation  of  OC  perfection  as  an  integral  part  of  a 
mobile  unit  (where  fuel  is  combusted  for  set  in  motion),  the 
necessity  of  tje  use  is  determined  by  the  possibility  of  fuel 
consumption  in  the  same  analytical  system  for  transportation 
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(Qr>\m° h 

Ve  )  =Ef!Ecom,. 

where  E/  is  exergetic  cooling  performance  of  OC, 
Econs  =  M-[lF  is  the  fuel  exergy  consumed  for 

transportation  and  functioning  of  OC,  It  is  specific  exergy  of 
fuel  combustion;  M/  =  Mt  +  M2  +  M3  +  M4  is  mass  of 
additional  take-off  fuel  storage  consumed  for  compensation  of 
aerodynamic  drag  of  VA  air  vent  (Mj  );  electric  energy 
amount  generation  consumed  by  TEC  (M2);  transportation  of 
the  positioning  mass  (Ms);  transportation  of  variable  mass 
(with  supply  system). 

Results  of  comparison  of  the  required  conditions  of  IR- 
detector  operation  control  (Tc  =  210K,  Q0  =  0.08  W)  made  on 
the  base  of  OC  and/or  cylinder  restriction  system  (nitrogen, 
nitrogen-hydrocarbonic  mixture  as  cryoagent;  mass  of 
cylinder  systems  is  15  and  9  kg  respectively)  confirm  the 
essential  advantage  of  OC: 

by  (rje)  by  a  factor  of  12-7; 
by  cost  by  a  factor  of  10-  12. 

Practical  unlimited  service  life  without  maintenance- 
reconstruction  works  are  provided  in  this  case. 

The  given  examples  of  thermoelectric  coolers 
combination  with  vortex  apparatus  is  the  most  easy  in 
realization.  Analysis  of  heat  technological  problems  reveals 


the  large  reserves  of  VA  and  cooling  systems  on  their  basis 

use  for  thermoelectric  energy  converters  operating  conditions 

optimization,  improvement  of  their  competitiveness. 
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Abstract 

The  overview  of  the  patent  documents  of  the  USSR  and 
Russia  over  the  period  from  October  1957  up  to  June  1997  in 
the  field  of  the  cooling  thermoelectric  devices  based  on 
bismuth  telluride  alloys  is  presented. 


Introduction 

Bismuth  telluride  alloys  are  the  best  materials  for  making  of 
the  cooling  thermoelectric  batteries  nowadays.  These 
materials  were  first  prepared  and  investigated  in  the  50 ’s 
after  Professor  A.F.Ioffe  has  shown  the  possibility  of  the 
practical  use  of  the  thermoelectric  cooling  based  on  the 
theory  he  has  developed  [1], 

The  thermoelectric  cooling  has  found  widespread  application 
in  various  areas  of  engineering,  medicine,  everyday  life  [2,3], 
Many  aspects  of  the  practical  use  and  manufacture  of  the 
thermoelectric  cooling  units  are  embodied  in  the  patent 
documentation. 

We  have  analysed  more  than  600  published  documents  of  the 
Patent  File  of  the  USSR  (from  1993  -  of  Russia)  in  which  the 
inventions  in  the  scope  of  use  of  the  thermoelectric  cooling 
based  on  bismuth  telluride  alloys  are  described. 

The  first  document  concerned  the  elaboration  of  the  most 
effective  n-type  thermoelectric  material,  based  on  bismuth 
telluride,  was  the  author’s  certificate  (a.c.)  of  the  USSR 
N 107420  issued  to  the  collaborators  of  the  Institute  of 
Semiconductors  of  the  Academy  of  Sciences  of  the  USSR 
S.S.Sinam,  G.V.Kokosh,  G.N.Gordyakova,  A.N.Shadrina 
and  published  in  October  1957  (application  pryority 
6.07.1956).  The  authors  of  this  invention  elaborated  the  alloy 
Bi2Te3  -  Bi2Se3  with  a  dopant  such  as  halogenides,  or  copper, 
or  silver. 

Among  documents  found  in  the  Patent  File  of  the  USSR  the 
patent  N1 836755  (published  1993;  the  authors-owners  of  the 
patent  V.G.Kopaev  and  I.K.Batrack)  is  the  youngest  in  the 
field  of  the  thermoelectric  cooling.  The  patented  knowledge 
proposed  by  the  authors  of  this  document  relates  to  the 
technique  of  fabricating  of  the  thermoelements.  Further,  from 
the  N2000000,  the  patents  of  Russia  follow.  The  patent 
N2005461  (published  15.01.1994)  is  the  first  patent  of  Russia 
within  the  range  for  consideration.  The  authors  of  this  patent 
(V.N.Fedorov,  V.V.Fedorov,  and  V.I.Jarich)  elaborated  the 
device  for  the  thermal  effect  on  the  biological  active  points  of 
the  skin.  The  owners  of  this  patent  are  the  TOO 


“Cosmocrator”  and  Russian  Research  Institute  of  Cosmic 
Instrument-  making. 

According  to  the  subject  of  invention  the  patent  documents  of 
the  Patent  File  of  the  USSR  and  Russia  relevant  to  the 
thermoelectric  cooling  devices  based  on  bismuth  telluride 
alloys  may  be  classified  under  three  groups:  (1)  technique  of 
fabricating  and  design  of  the  cooling  thermoelectric  batteries, 
(2)  measuring  of  the  characteristics  of  the  cooling 
thermoelectric  batteries,  (3)  devices  utilized  the  cooling 
thermoelectric  batteries. 

Technique  of  fabricating  of  the  cooling  thermoelectric 
batteries 

The  author’s  certificates  of  this  group  are  concerned  with  the 
following  aspects  of  the  cooling  thermoelement  fabricating 
technique:  (1)  preparing  of  the  materials  for  the  legs  of  the 
thermoelement,  (2)  the  form  of  the  thermoelement  leg,  (3) 
preparing  of  the  planar  thermal  coupler  (bridging  and 
insulating  elements),  (4)  thermoelectric  battery  design, 
including  the  design  of  the  individual  thermoelements  and  of 
the  single  stage  and  of  the  multistage  thermobatteries,  (5) 
assembly  process  of  the  thermobattery  including  the 
elaboration  of  the  solders,  fusing  agents  as  well  soldering 
conditions ,  the  mechanization  of  assembly  process  including 
assembly  jigs.  In  the  Patent  File  of  the  USSR  and  Russia  we 
found  75  patent  documents  which  may  be  assigned  to  this 
group. 

The  technique  of  the  thermoelectric  battery  (TEB)  fabricating 
has  been  intensively  elaborated  in  the  50-60’s  (30  a.c.).  At 
this  time  there  was  elaborated  the  thermoelectric  material  for 
the  negative  leg  of  the  thermoelement  (a.c.  N107420  noted 
above),  there  were  suggested  the  solder  and  the  nickel 
solderer  for  the  thermoelement  leg  soldering  (a.c.  NN123030, 
123315,  194528,  271273),  there  were  found  the  methods  of 
fabricating  and  design  of  the  planar  thermal  coupler  (a.c. 
NN199948,  240064,  267645),  the  methods  to  connect  the 
legs  of  the  thermoelement  (a.c.  NN123216,  131736,  199946, 
274173),  the  method  of  optimization  of  the  carrier 
concentration  (a.c.  N190448),  there  was  proposed  the  form  of 
the  thermoelement  legs  to  impart  the  flexibility  to  the  TEB 
(a.c.  NN 104467,  114216),  there  was  elaborated  the  design  of 
the  multistage  cooler  (a.c.  N225285),  it  was  designed  a  jig  for 
thermoelectric  modules  (a.c.  N199223),  etc. 

Only  three  organizations  were  indicated  as  applicants  (see 
List  of  applicants:  1,2,7).  It  is  important  to  note  that  up  until 
December  1964  in  the  bibliographical  part  of  the 
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specification  of  the  author’s  certificate  the  heading 
“Applicant”  was  not  specified  at  all 

In  the  70 ’s  developments  within  the  range  of  technique  of 
TEBs  continued  (22  a.c.).  The  attention  of  the  elaborators 
predominantly  focused  (1)  on  increase  in  the  mechanical 
strength  by  fabricating  the  legs  by  extrusion  (a.c.  NN320236, 
534812),  (2)  on  decrease  a  stress  in  TEBs  by  placing  of  the 
lead  wafer  between  the  bridging  element  and  the  leg  of  the 
thermoelement  (a.c.  N472402),  (3)  on  decrease  of  the 

contact  resistance  either  by  deposition  the  Bi-Sb  sublayer 
onto  the  thermoelement  ends  (a.c.  N323823)  or  by  plating 
with  nickel  (a.c.  N361748),  (4)  on  improvement  of  planar 
thermal  couplers  (a.c.  N3  95674),  (5)  on  protection  of  the 
TEB  by  its  encapsulation  by  the  polyethylene  film  (a.c. 
N3 13252),  etc.  In  this  time  the  developments  of  the  jig  design 
of  the  thermoelectric  module  fabricating  (a.c.  N546047),  of 
the  design  of  the  multistage  TEBs  (a.c.  NN342025,  444294, 
51417L  556685,  693096),  of  the  methods  of  the  TEBs  fabri¬ 
cating  (a.c.  NN669432,  690576)  have  been  continued. 

In  this  period  besides  organizations  mentioned  above  another 
ones  take  an  active  part  in  patenting  their  inventions 
concerned  the  technique  of  cooling  TEBs  making  (see  List  of 
applicants:  3,12,14).  For  instance,  the  TEB  bridging  element 
in  the  corrugated  tape  form  with  the  flat  apexs  (a.c. 
N422059)  and  the  method  of  making  the  diffusion-protective 
barrier  (a.c.  N361748)  were  elaborated  in  the  organization 
indicated  in  the  List  of  applicants:  3. 

The  two-stage  TEB,  in  which  the  base  stage  thermoelements 
were  placed  on  five  sides  of  the  cube  and  on  the  sixth  side 
was  placed  the  cold  stage,  was  designed  in  the  organization 
indicated  in  List  of  applicants:  14.  Spurious  heat  gains  are 
absent  here  because  the  heat  conductor  is  located  internally 
(a.c.  N444294).  In  TEB  designed  in  organization  indicated  in 
List  of  applicants:  12  the  thermoelements  pressed  by  their  side 
surfaces  to  each  other  through  the  electroinsulation  spacers 
were  succesively  displaced  along  the  length  (a.c.  N514171). 

In  the  70’s  seven  organizations  were  indicated  as  the 
applicants.  Six  of  them  are  specified  in  the  List  of  applicants: 
1,2,3,12,14,17.  It  will  be  noted  that  in  70’s  the  information 
about  the  development  of  the  unified  TEBs  (so  called 
“thermoelectric  modules”)  in  the  USSR  has  been  appeared. 
The  characteristics  of  these  TEBs  are  presented  in  the 
monography  [3], 

In  the  80 ’s  the  number  of  patent  documents  within  the  range 
of  consideration  rather  decreased  (19  a.c.).  Nevertheless  the 
development  of  the  technique  intensively  continued  in  the 
direction  of  miniaturization  (a.c.  NN813540,  831878,  885558 
etc.)  and  mechanization  of  the  assembly  process 
(a.c.NN918996,  927458,  1038985,1119931,  1454746,  etc.). 

In  this  period  as  the  applicants  there  were  indicated  also 
seven  organizations  so  as  in  the  70 ’s.  Three  of  them  are 
certificated  in  the  List  of  applicants:  1,12,13.  Another  ones 
are  not  included  in  the  List  because  they  are  the  applicants 
less  than  four  inventions. 

In  the  90’ s  the  total  number  of  the  patent  documents 
concerned  the  technique  of  TEB  production  sharply 
decreased.  We  were  successful  in  finding  only  four  patents 
within  the  range  of  consideration:  patent  of  the  USSR 


N 1836755  (mentioned  above)  and  patents  of  Russia 
NN2033583,  2075138,  2076286.  The  peculiarity  of  these 
patent  documents  is  that  the  authors  are  the  applicants  and 
the  owners  of  the  invention  at  the  same  time. 

Measuring  of  the  characteristics  of  the  cooling  TEBs  and 
their  components 

The  thermoelectric  efficiency  is  the  most  important  property 
of  the  TEB.  In  the  Patent  File  of  the  USSR  and  Russia  we 
have  found  25  relevant  patent  documents. 

In  the  50-60’s  the  attention  of  the  elaborators  was 
concentrated  on  the  estimation  of  the  thermoelectric 
efficiency  of  the  material  or  of  the  operating  TEB  by 
measuring  of  the  resistance  (a.c.  NN171461,  230458, 
243679),  or  by  measuring  of  the  thermal  conductivity  of  the 
material  (a.c.N186538),  or  by  continuous  recording  of  the 
temperature  dependence  of  the  material  parameters 
(a.c.N196143). 

A  considerable  body  of  patent  documents  in  the  field  cited 
falls  at  70’s  (13  a.c.).  In  this  period  there  were  elaborated  the 
methods  of  measuring  thermoEMF  of  the  material 
(a.c.NN392386,  512145,  529400,  529401,  554576)  and  the 
thermoelectric  efficiency  of  TEBs,  particularly  under  the 
conditions  of  mass  production  of  TEBs  (a.c.NN3 19019, 
527603,  694775).  The  design  of  the  heat  exchangers  of  the 
measuring  devices  have  been  devised  also. 

Relative  to  miniaturization  of  the  TEBs  and  increase  of  the 
number  of  the  thermoelements  in  the  TEBs  a  necessity  arised 
in  express  methods  of  determination  of  proper  alternation  of 
the  legs  during  packing  the  thermoelements  in  jig  under 
conditions  of  large-scale  production  of  the  TEBs.  Thus,  in 
a.c.N6 16599  the  tracer  was  offered  to  identify  the 
conductivity  type  -  an  aqueous  solution  of  nitric  acid  copper. 
The  most  active  elaborator  in  the  field  of  measuring  was  the 
organization  specified  in  List  of  applicants:!  (5a.c.). 

In  the  80’s  the  patent  documents  in  the  field  cited  (6  a.c.) 
predominantly  concern  the  methods  of  TEB  efficiency 
determination  (5  a.c.).  One  document  is  referred  to 
identification  of  the  conductivity  type  by  means  of  epoxy 
compound  (a.c.  N7 16009). 

As  regards  the  90’s,  we  found  only  two  patent  documents: 
a.c.  N 1597971  “The  device  for  the  thermal  measurements  of 
TEBs  and  thermoelement  legs”  (an  applicant  is  not 
indicated)  and  a.c.  N1787271  “The  device  for  measuring  the 
semiconductor  material  characteristics”  (the  applicant  is 
specified  in  the  List  of  applicants: 4). 


Devices  utilized  the  cooling  thermoelectric  batteries. 

During  the  period  under  review,  from  October  1957  to  June 
1997,  in  the  Patent  File  of  the  USSR  and  Russia  we  found 
529  patent  documents  in  which  the  devices  utilized  the 
cooling  TEBs  are  described.  Among  them  75  documents 
(14%)  account  for  the  50-60’s,  133(25%)  -  for  the  70’s, 
229(43%)  -  for  the  80’s,  and  92(18%)  -  for  the  90’s. 
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The  following  fields  of  the  potential  application  of  TEBs  are 
indicated  in  patent  documents:  (1)  thermostats  (devices  with 
constant  temperature  volume),  (2)  air-conditioning,  (3) 
cooling  of  the  electronic  components  of  communications- 
electronics  equipment  and  the  radiation  detectors,  (4)  food¬ 
stuffs  cooling,  (5)  air  dehumidification,  (6)  measuring  of  the 
humidity,  (7)  measuring  of  the  liquids  and  gas  flows,  (8)  ice 
making,  (9)  cooling  of  the  medicaments  and  tissues,  etc. 

The  distribution  of  the  patent  documents  over  the  fields  of 
application  is  following:  the  various  use  coolers  including 
microminiature  coolers  -  136(25%),  the  air  conditioners 
64(12%),  the  thermostats  -  59(11%),  the  medical  and 
biological  devices  -  48(9%),  dew-point  hygrometers  - 
41(8%),  ice-makers  -  39(7.5%),  temperature  controllers  - 
37(7%),  air  dehumidifiers  -  32(6%),  other  devices  -  72. 

There  are  91  organizations  indicated  as  the  applicants  of  the 
inventions  in  the  field  cited.  Among  them  6  organizations  are 
indicated  as  the  applicants  of  more  than  10  inventions,  6  - 
more  than  4  inventions,  12  are  indicated  as  applicants  of  3 
inventions,  17  -  of  2  inventions,  and  48  -  as  applicants  of  the 
only  invention. 

The  organization  indicated  as  applicant  of  the  largest  number 
of  published  inventions  (57  a.c.)  is  the  State  Specialized 
Designer’s  Office  of  Thermal  Instrument-making  (formerly: 
The  Specialized  Designers’  Office  of  Semiconductor 
Devices).  The  subject  of  inventions:  thermostats  (17  a.c  ), 
coolers  including  ones  for  an  automobile  industry  (9  a.c.), 
temperature  controllers  of  TEB  including  the  TEB  operating 
under  heating  and  cooling  condition  (8  a.c.),  devices  for  the 
measurements  of  the  thermo-physical  properties  (7  a.c.),  air 
dehumidifiers  (4  a.c.),  ice-makers  (3  a.c.),  devices  for 
biological  and  physical  measurements  (3  a.c.),  the  flow  rate 
regulator  (1  a.c.),  the  mean  for  a  body  transference  (1  a.c.), 
etc.  This  organization  is  indicated  also  as  the  applicant  of 
13  published  inventions  concerning  the  technique  of  TEB 
fabricating  and  measuring  of  the  TEB  properties. 

Odessa  Technological  Institute  of  a  Refrigeration  Industry  is 
indicated  as  applicant  of  23  published  inventions.  The  subject 
of  inventions:  ice-makers  (7  a.c.),  portable  automobile  coolers 
(3  a.c.),  domestic  food-stuff  refrigerators  (2  a.c.),  cascade 
refrigeration  systems  for  medical  use  and  for  instrument¬ 
making  (2  a.c.),  cooler  for  the  electronic  components  of 
communications-electronics  equipment,  thermostat,  air- 
conditioner,  gas  dehumidifier,  liquid  stream  cooler,  device 
for  the  heat  exchange  intensification,  power  supply  stabilizer, 
flow  rate  regulator  and  the  device  for  testing  of  the  stability 
of  bottled  off  wine,  cognac  and  similar  drinks  -  one  invention 
each.  This  institute  is  also  indicated  as  applicant  of  four 
published  inventions  concerning  the  technique  of  TEB 
fabricating. 

The  Research  and  Experimental  Institute  of  Electrical 
Equipment  and  Motor  Devices  is  indicated  as  applicant  of  23 
published  inventions.  The  subject  of  inventions:  coolers  for 
the  motor  transport  (15  a.c.),  air  conditioners  (4  a.c.),  ice- 
makers  (3  a.c.),  electrostatic  generator  operating  under  high 
dust  loading  conditions  (1  a.c.).  This  institute  is  also 
indicated  as  applicant  of  three  published  inventions 
concerning  the  technique  of  TEB  fabricating. 


Dagestan  Polytechnical  Institute  is  indicated  as  applicant  of 
18  published  inventions.  The  subject  of  inventions:  coolers 
(3  a.c.)  and  thermostat  (1  a.c.)  for  the  electronic  components 
of  communications-electronics  equipment,  cooling  devices 
for  medical  uses  (3  a.c.),  the  device  for  heat  exchange 
intensification  of  TEB  (3  a.c.),  the  dew-point  hygrometers 
(2  a.c.),  the  air  conditioner,  the  temperature  controller,  the 
device  to  make  visible  the  ultrasound  field,  time-defining 
element  of  the  infra-low  frequency  generator,  the  device  to 
take  the  finger-prints,  method  of  supervising  heat  supply  - 
one  invention  each.  This  institute  is  also  indicated  as 
applicant  of  the  published  invention  of  the  90’s,  concerning 
the  measuring  of  the  semiconductor  material  properties. 

The  Engineering  Thermal-Physics  Institute  of  the  Academy 
of  Science  of  the  Ukrainian  SSR  is  indicated  as  the  applicant 
of  17  published  inventions.  Tlie  subject  of  inventions:  cooling 
devices  (7  a.c.)  including  the  optimization  of  cooling 
conditions,  coolers  of  electron  photomultipliers,  cascade 
refrigeration  systems,  etc.;  thermostats  (7  a.c.)  including 
thermostats  for  the  objects  with  nonstationary  heat 
generation,  for  testing  of  the  communications-electronics 
equipment;  conditioner  for  vehicles  (1  a.c.)  ,  device  for 
medical  use  (1  a.c.). 

Dnepropetrovsk  Civil-Engineering  Institute  is  indicated  as 
applicant  of  12  published  inventions.  The  subject  of 
inventions:  driver’s  cab  air-conditioning  unit  (11  a.c.), 
including  cabins  of  the  farm  lorries,  of  the  electric 
locomotives,  of  the  coal-loading  trucks;  device  for  the 
controlled  hypothermia  treatment  and  correction  of  the 
human  being  functional  state  (1  a.c.). 

Following  is  the  List  of  17  organizations  indicated  each  as 
the  applicant  of  four  published  inventions  and  even  more. 

1.  The  State  Specialized  Designers’  Office  of  Thermal 
Instrument-making  (70  a.c.). 

2.  Odessa  Technological  Institute  of  a  Refrigeration  Industry 
(27  a.c.). 

3.  The  Research  and  Experimental  Institute  of  Electrical 
Equipment  and  Motor  Devices  (26  a.c.). 

4.  Dagestan  Polytechnical  Institute  (19  a.c.). 

5.  The  Engineering  Thermal-Physics  Institute  of  the 
Academy  of  Science  of  the  Ukrainian  SSR  (17  a.c.). 

6.  Dnepropetrovsk  Civil-Engineering  Institute  (12  a.c.). 

7.  All-Union  Research  Institute  of  Power  Sources  (9  a.c.). 

8.  Specialized  Designers’  Office  of  the  A.F.Ioffe  Physico- 
Technical  Institute  (7  a.c.). 

9.  OKTB  “Ukrtorgtekhnika”  (6  a.c.). 

10.  Kiev  Scientific  and  Production  Association 
“Analytpribor”  (5  a.c.). 

11.  Specialized  Designers’  Office  “Tellur”  with  the  Pilot 
Production  of  Physics  Institute  of  the  Academy  of  Science 

of  the  Azerbaijanian  SSR  (5  a.c.). 

12.  A.I.Gertsen  Leningrad  State  Pedagogical  Institute 
(5  a.c.). 

13.  Chernovtsi  State  University  (5  a.c.). 

14.  All-Union  Research  Institute  of  a  Refrigeration  Industry 
(4  a.c.). 
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15.  A.F.Ioffe  Physico-Technical  Institute  (4  a.c.). 

16.  G.  V.Plekhanov  Moscow  National  Economy  Institute 
(4  a.c.). 

17.  Riga  wagon-building  works  (4  a.c.). 

In  Engineering  &  Production  Firm  "Cryotherm"  the  database 
"Thermoelectric  cooling  with  the  use  of  semiconductors 
based  on  bismuth  telluride  alloys"  is  produced.  In  every 
patent  document  of  this  database  together  with  the  traditional 
International  Patent  Classification  codes  the  numbers  of  the 


later  patent  documents  are  indicated  in  which  the  involved 
one  is  referred  to. 
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Phone/Fax:  (0482)  638324,  E-mail:  semeniou@thermion.tenet.odessa.ua 


Abstract 

The  problem  of  achieving  highest  temperature  difference 
AT  in  cascade  thermoelectric  cooler  (TEC)  is  solved  with 
consideration  of  intercascade  thermal  resistance.  The  model 
of  three-dimensional  heat  spread  in  substrates  is  considered. 
Existence  of  substrate  optimum  thickness  corresponding  to 
highest  AT  is  established.  It  is  shown  that  correct  choice  of 
substrate  configuration  permits  to  receive  considerable 
increase  in  TEC  efficiency.  In  particular,  it  concerns  short¬ 
legged  TECs  having  extremely  high  heat  flux  densities. 

Introduction 

Cascade  thermoelectric  coolers  (TECs)  are  finding  wide 
application  in  cooling  electronic  and  electro-optic 
components.  As  a  rule,  these  devices  need  rather  low 
operating  temperatures  in  combination  with  acceptably  small 
power  consumption.  So  in  most  applications  cascade  TECs 
operate  near  physical  limit  of  their  possibilities.  In  this 
connection,  the  reduction  of  irreversible  losses  in  these 
devices  is  the  problem  of  great  importance. 

Electrical  contact  resistance  and  heat  gains  from 
environment  are  regarded  traditionally  as  the  main 
undesirable  factors  which  greatly  affect  TEC  efficiency.  As  to 
intercascade  thermal  resistance,  it  is  being  usually  neglected 
or  rough  approximations  are  used  for  want  of  something 
better.  Meanwhile,  the  losses  at  intercascade  thermal 
resistance  can  predominate  over  other  kinds  of  losses.  In 
particular,  it  concerns  short-legged  TECs  having  extremely 
high  heat  flux  density. 

This  paper  presents  solution  of  a  problem  of  cascade  TEC 
maximum  efficiency  with  consideration  of  thermal  resistance 
at  cascade  boundaries.  Model  of  three-dimensional  heat 
spread  in  substrate  is  considered.  Substrate  dimensions  which 
provide  minimal  thermal  resistance  are  find  at  this  basis. 


Qc=0 


Figure  1:  Scheme  of  N-cascade  TEC. 


Interconnection  of  temperatures  and  heat  fluxes 

Let  us  consider  a  model  of  V-cascade  TEC  in  no-load 
operation.  The  TEC  (Fig.l)  is  adjusted  to  a  heat  sink  having 
fixed  temperature  Th.  Outer  surfaces  of  the  cooler  are 
insulated  adiabatically.  Heat  conducting  substrates  in  a  form 
of  rectangular  plates  are  mounted  between  cascades.  All 
cascades  have  series  connection.  The  typical  situation  when 
TE  legs  of  all  cascades  have  identical  dimensions  and  the 
same  packing  density  is  under  consideration.  Together  with 
condition  of  successive  connection  this’  gives  the  same 
electrical  current  density  in  all  TE  legs.  Besides,  the  sidelong 
heat  conductance  in  cascades  is  supposed  to  be  absent  because 
their  discrete  structure,  so  the  temperature  distribution  in  TE 
leg  is  one-dimensional. 

Under  the  assumptions  made,  the  distribution  of  the 
temperatures  and  heat  fluxes  at  cascades  boundaries  is 
defined  by  the  system: 

>  =a/lf  -i/V-yfj?’  -  2?>).  k=\...,N 

<,«>  =a k=2,...,N 

2  / 

Fd?  =Fk-<‘t'\  k=2,...,N  (1) 

k  =  2 —  A' 

«T  =  0,  Tin  =  Tt 

where  a,  k,  p  are  the  Seebeck  coefficient,  thermal 
conductivity  and  electrical  resistivity  of  TE  material,  /  is  TE 
leg  length,  i  is  electric  current  density,  (]ok\  <7i(k)  and  To(k), 
T,00  are  mean  integral  heat  flux  densities  and  mean  integral 
temperatures  at  the  cold  and  hot  sides  of  fcth  cascade,  Fk  is  the 
total  junction  area  of  Mi  cascade,  R±  is  thermal  resistance  of 
Mi  substrate. 

System  (1)  includes  AN- 1  equations  linear  as  regards  to 
unknown  temperatures  To®,  k=l,...,N,  7j(k),  k=2,...,N,  and 
heat  flux  densities  q\®,  k=2,...,N.  For  each 

set  of  initial  parameters  Fk,  R&,  a,  k,  p,  /  and  i,  the  system  has 
unique  solution  and  the  cold  side  temperature  takes  certain 
value  T0W=TC.  The  change  of  the  current  density  ;,  the  rest 
parameters  being  the  same,  gives  new  7’c  value.  The  problem 
is  to  find  such  i  value  which  provides  minimum  Tc. 

To  solve  this  problem  one  must  learn  how  to  define 
thermal  resistance  of  the  substrate.  The  peculiarity  and 
complexity  of  the  problem  in  question  is  in  the  fact  that  one 
has  three-dimensional  temperature  distribution  in  substrate 
which  depends  on  substrate  configuration  as  well  as  on 
distribution  of  temperatures  and  heat  fluxes  at  its  surfaces. 


0-7803-4057-4/97  $10.00  ©1997  IEEE 
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Model  of  intercascade  substrate 

Model  of  Ath  substrate  mounted  between  Ath  and  (A-l)th 
cascades  is  shown  at  Fig.2.  Z  axes  is  directed  in  heat  sink,  the 
origin  of  coordinates  for  each  substrate  being  adjusted  to  its 
top  side. 


Figure  2:  Scheme  of  intercascade  substrate. 

External  heat  flux  Qk~q\(k)Fk  from  Ath  cascade  enters  into 
substrate  through  rectangular  area  Fsk=2Akx2Bk  at  the  center 
of  its  top  surface  and  removes  through  the  all  surface  of  its 
bottom.  The  rest  substrate  surface  is  insulated  adiabatically. 
This  gives  boundary  conditions  as  following: 


"N  5  ? 


dx 

dT^y, 0) 

dz 


<lek-(X>y) 


K_ 


dy 

,  \x\<Ak,  \y\<Bk 


(2) 


(3) 


0,  Ak<[\<Ak_x,  Bk<\)\<Bk_x 


boundary  conditions  (2)-(4).  Solution  of  this  problem  makes 
it  possible  to  find  thermal  resistance  of  intercascade  substrate 
which  is  defined  as  follows: 


where 


Rtk  - 


j(k)  _  jik- 1) 

Qk 


(6) 


T{k)  =  ~  J  T{k)  (x,yfi)dxdy 


sk  A. 


T^k~l)=-F-  J T^k\x,y,hk)dxdy 

tsk~x 


(7) 


As  to  TEC  cold  side  substrate  its  temperature  is  regarded  as 
to  be  uniform  To^)=Tc  due  to  adiabatic  insulation. 

Solution  for  2-stage  cooler 

For  2-stage  cooler  which  includes  only  one  intercascade 
substrate  the  k  index  at  T,  h  and  Rt  can  be  removed.  The 
boundary  conditions  (3), (4)  reduce  to  the  form: 

%  Hm*.  W£i,2 


0,  A2<\x\<Au  B2<\}\<Bx  (8) 


dl{x,yf)) 

dz 


dT(x,y,h) 

dz 


+gj(x,y,h)=g2 


where 


fa.  ,(*„v) 

dz  Ks 

k  =  2 


(4) 


where  q&  and  r/ek.i  are  external  heat  flux  densities  from  £th 
and  (M)th  cascades: 


<lek  =P 


aiTw(x,y,0)  +  F2pl- 


-j(T<k\x,y,0)-T<k+l\x,y,hk+i)) 

<Jek- i=P  cdT{k)(x,y,hk)-F2pl- 


(5) 


^T(^)ix^0)-T^(x,y,hk))^ 

h  is  substrate  thickness,  As  is  substrate  thermal 
conductivity,  P  =  Fk  / Fsk  is  TE  leg  packing  density. 

Thus,  the  temperature  distribution  within  substrate  and  at 
its  surfaces  is  defined  by  Laplase’s  equation  with  linear 


8i  = 


1 


f  .  k) 

v + ir 


§2=- 


K, 


K 


(9) 


It  have  to  be  noticed  that  in  no-load  operation  heat  flux 
qe2(x,y)  is  formed  mainly  at  the  expense  of  Joule  heat  which  is 
spread  uniformly  in  TE  legs  of  upper  cascade.  Thus,  the 
coordinate  dependence  of  variable  qe2(x,y)  can  be  neglected, 
this  being  replaced  by  the  equality  <7e2^/^i(2)=const. 

Solution  of  Laplase’s  equation  for  the  temperature  T(x,y,z) 
within  substrate  with  specified  boundary  conditions  (8),(9)  as 
well  as  the  formula  for  substrate  thermal  resistance  are  given 
in  Appendix. 


Calculation  results  and  discussion 

Solution  obtained  was  used  for  calculation  of  temperature 
distribution  at  substrate  outer  surfaces  as  well  as  for 
evaluation  of  its  thermal  resistance.  All  calculations  are  made 
using  following  data:  71h=303K,  a=205*10'6V/K,  p=10‘3Q-cm, 
K=0.015W/cm/K,  ,  TE  leg  cross-section  is  0.6x0.6mm2, 
P=0.36,  Ks=0.25W/cm/K  (alumina  substrate).  Calculation 
results  are  represented  at  Fig.  3-6. 

Fig. 3  shows  temperature  distribution  at  substrate  external 
surfaces  along  x  axis  for  different  h  values.  The  A Tmax 
operation  is  under  consideration. 
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Figure  3:  Temperature  distribution  along  x  axes  for  different 
substrate  thickness.  Fsi=8x8  mm2,  Fs2=4x4  mm2,  /=  1  mm. 

It  is  seen  that  for  small  h  values  (up  to  k=  1mm) 
temperature  drop  along  z  axis  is  negligibly  small.  Much 
greater  temperature  non-uniformity  is  observed  in  substrate 
plane.  Even  for  h  value  of  0.5mm  which  is  typical  for 
miniature  cascade  TECs  temperature  difference  between 
substrate  center  and  its  periphery  reaches  7K.  Some  more 
superheat  (about  15K)  arises  at  /?=0.2mm.  When  /i — >0 
sidelong  heat  spread  vanishes  and  cascade  cooler  degenerates 
in  a  system  of  two  insulated  from  each  other  one-stage 
batteries  (the  central  cooler  and  peripheral  one).  The 
increase  in  h  value  leads  to  opposite  result.  Heat  spread 
improves  greatly  but  thermal  resistance  of  substrate  central 
part  is  rising.  Thus  the  optimal  substrate  thickness  hopt  must 
exist  which  provides  minimal  Rt  and  maximum  A77  values. 

This  thesis  is  confirmed  by  calculations  represented  at 
Fig.4.  The  difference  of  mean  integral  temperatures  at  the 
substrate  outer  surfaces  A  Ts  as  well  as  A Tmax  values  are  shown 
at  this  Figure  as  a  function  of  substrate  thickness. 

For  the  cooler  under  consideration  the  hopt  value  is  about 
1mm.  It  is  seen  that  deviation  to  the  greater  h  values  has 
insignificant  influence  at  TEC  performance.  On  the  contrary, 
deviation  to  lower  h  values  results  in  great  reduction  in  A 7max 
because  of  significant  increase  in  substrate  thermal  resistance. 
The  h  value  of  0.3mm  is  such  a  limit  which  being  crossed  the 
catastrophic  reduction  of  A  Tmax  is  observed. 

It  is  seen  also  from  Fig.4  that  the  influence  of  substrate 
thermal  resistance  becomes  especially  significant  for  short¬ 
legged  TECs.  For  /=0.5mm  the  minimal  superheat  at 
substrate  surfaces  is  of  6K  and  this  leads  to  reduction  in  A rmax 
about  4K  as  compared  to  idealized  TEC  with  ks=oo.  Further  / 
reduction  can  result  in  A7max  loss  up  to  10K. 

It  is  of  great  interest  to  compare  the  losses  connected  with 
substrate  thermal  resistance  Rt  and  electrical  contact 
resistance  Rc.  Fig.  5  shows  the  dependence  of  A7max  on  /  value. 
Two  variants  are  considered,  each  assumes  only  one  kind  of 
losses.  Actual  Rc  and  ks  values  are  taken  into  account. 
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Figure  4:  Dependence  of  mean  integral  temperatures 
difference  at  the  substrate  surfaces  on  substrate  thickness. 


TE  leg  length  (mm) 

Figure  5:  Comparison  of  influence  of  intercascade  thermal 
resistance  and  electrical  contact  resistance  on  TEC  efficiency. 
Fsi=8x8  mm2,  Fs2= 4x4  mm2. 
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It  is  seen  that  for  /?=0.5mm  the  losses  at  alumina  substrate 
predominate  over  ones  connected  with  electrical  contact 
resistance. 

It  is  worth  to  be  noted  that  above-mentioned  results  and 
conclusions  relate  to  rather  small  TEC  with  Fsi=64mm2  and 
Fs2=16mm2.  For  larger  coolers  the  hop,  value  increases  and 
the  losses  are  rising  greatly  (Fig.6). 


established.  It  is  shown  that  even  significant  increase  of 
substrate  thickness  as  compared  to  optimum  one  has  small 
affect  on  ATmn  value,  and  vice  versa,  shift  to  smaller 
thickness  is  extremely  undesirable  as  resulting  in 
considerable  losses. 

For  miniature  TECs  with  bottom  cascade  surface  of 
8x8mm2  the  optimal  thickness  of  alumina  substrate  is  about  1 
mm.  This  have  to  be  enlarged  up  to  3  mm  in  cascade  TECs 
with  F1=20x20mm2  when  the  F\  IF2  ratio  is  4  and  more. 

For  alumina  ceramic  the  losses  in  ATmax  due  to 
intercascade  thermal  resistance  are  essentially  higher  than  the 
losses  connected  with  electrical  contact  resistance. 

Correct  choice  of  substrate  material  and  configuration  can 
result  in  considerable  improvement  in  cascade  TEC 
efficiency. 

Appendix 

Solution  of  Laplase’s  equation  for  temperature  distribution 
within  intercascade  substrate  for  2-stage  TEC  has  the  form: 

T(x,y,z)  =  iy-ir-a^silKM,)* 

S\  m= 0  w  —  0 

x  cos(X(x+  A,))  sin(ttg2)cos(|x(T  +  ^i))(7^a  h  ^ 

X  n 


where 


G(a,M)  =  — 


1/^1 
•  2 /Ftl 

.4/^, 


sinh(a  (h  -  z))  +  a  cosh(«  (h  -  z)) 
gj  cosh(a  h)  +  a  sinh(a  h) 

m  =  n  =  0 

mn  =  0 

mn  >  0 


X  = 


Ml 


V  = 


mn 
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X2  +  |X  2 


Figure  6:  Dependence  of  maximum  temperature  difference 
and  optimum  ceramic  thickness  on  TEC  dimensions.  /=lmm. 

For  TE  coolers  with  top  cascade  dimensions  of  lOxlOmm2 
the  optimal  substrate  thickness  is  in  the  region  of  2  to  4mm 
and  losses  in  A rmax  can  rise  up  to  6K. 

As  to  the  TECs  with  three  and  more  cascades  the  solution 
of  the  problem  is  much  more  complicated.  But  some 
estimations  shows  that  irreversible  losses  due  to  substrate 
thermal  resistance  are  essentially  higher  in  these  devices  as 
compared  to  2-stage  ones. 

It  must  be  noted  in  conclusion  that  hopt  value  is 
independent  of  substrate  heat  conductivity,  but  its  thermal 
resistance  reduces  with  ks  value  in  reverse  proportion.  Thus 
high  thermal  conductivity  substrates  such  as  beryllia  or 
aluminum  nitride  ceramic  are  desirable  for  the  TECs  with 
increased  dimensions. 


Substrate  thermal  resistance  is  as  follows: 


R<  = 


-O 


where 


0=1  +  25,  +252  +  45, 
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sin(X42)l  R(Xh) 
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f  sin(nB2))  R(y-h) 
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sin(X42)sj2 
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Conclusion 

Existence  of  substrate  optimum  thickness  corresponding 
to  highest  temperature  difference  A Tmax  in  cascade  cooler  is 


R(vh)  = 


g j  sinh (vh)  +  v  cosh (vh) 
gx  cosh (vh)  +  v  sinh {vh) 
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Abstract 

The  paper  is  a  continuation  of  our  investigations  on  a 
thermoelectric  cooling  system  for  medical  applications  in  the 
cryosurgical  destroyers.  It  concerns  experimental  analysis  of  a 
three-stage  thermoelectric  cascade  based  on  the  Melcor 
modules.  The  experimental  works  have  been  conducted  for 
two  working  conditions:  first  -  maximum  temperature 
difference  ATmax  and  the  second  -  maximum  cooling  capacity 
Qomax-  The  best  obtained  results  are  as  follows: 

-  maximum  temperature  difference  AT=115.5K  for 
supplying  current  1=3.1  A, 

-  maximum  cooling  capacity  Q0=8.05W  for  supplying 
current  1=2, 8A. 

Moreover  the  results  have  been  applied  to  verify  the 
method  of  numerical  optimization  of  thermoelectric  multistage 
systems  elaborated  in  the  frame  of  our  previous  research 
works  [1,2].  That  verification  is  in  good  compliance  with  the 
experimental  results. 

The  experiments  have  confirmed  that  the  temperature 
of  the  cold  side  of  the  cascade  can  reach  the  level  of  200K 
(-73°C)  while  the  cooling  capacity  at  the  same  time  equals 
Qo=lW. 


Introduction 

For  many  years  we  have  been  working  on  low- 
temperature  „cold  sources”  for  cryosurgical  destroyers  [1,2]  in 
the  aspect  of  achieving  the  lowest  possible  temperatures  for 
required  cooling  capacity.  It  should  be  underlined  that  one  of 
the  most  important  constructional  constraint  is  the  weight  as 
well  as  dimensions  of  the  cascade. 

The  experimental  model 

A  three-stage  experimental  model  have  been 
constructed  according  to  the  elaborated  by  the  authors 
optimization  method  of  multistage  thermoelectric  systems  [3]. 
In  the  cascade  the  Melcor  modules  have  been  tested  with  the 
same  geometry  and  the  same  maximum  current,  in  the 
considered  case  3,9 A. 

Modules  and  stages  have  been  connected  between  themselves 
in  series  with  the  double  circuit  electrical  connection  what 
eliminates  „heat  bridges”.  The  scheme  of  the  tested  cascade  is 
shown  in  fig.l.  The  cascade  is  placed  in  a  vacuum  chamber 
and  additionally  it  is  prevented  against  radiation  losses.  On  the 
cold  side  of  the  cascade  an  electrical  heater  simulates  the  heat 
flux  to  the  cascade  i.e.  cooling  capacity.  The  hot  side  is  in 
thermal  contact  with  a  liquid  heat  exchanger  which  allows  to 
keep  the  constant  temperature  on  that  side. 
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-  TE  modules  of  the  1st,  2nd  and  3rd  stages, 

-  thermocouples  of  the  cold  sides  of  the  1st, 
2nd  and  3rd  stages  respectively, 

-  thermocouple  of  the  hot  side, 

-  vacuum  chamber  and  insulation, 

-  liquid  heat  exchanger, 

-  electrical  heater, 

-  inter-stage  spacer  blocks, 


Fig.l.  Tested  cascade 


Results 

The  investigations  have  been  carried  out  for  two 
regimes  of  working  conditions: 

-  maximum  temperature  difference  -  fig.2  and 

-  maximum  cooling  capacity  -  fig.  3. 

Fig.2.  illustrates  the  dependence  of  temperature 
difference  AT  between  cold  and  hot  side  of  the  cascade  as  a 
function  of  supplying  current  for  given  cooling  capacity  and 
for  temperature  on  the  hot  side  Th-300K.  Four  values  of  the 
cooling  capacity  have  been  chosen  for  tests:  0,1, 2, 5  W.  The 
temperature  difference  tends  to  increase  along  with  the  current 
and  achieves  its  maximum  value  in  the  current  range  from  2.6 
to  3.1  A.  Further  current  increase  causes  decreasing  tendency 
in  AT.  The  maximum  value  of  AT=115,5K  was  obtained  for 
1=3.1  A  and  obviously  for  Q0=0  W. 

Fig.3  presents  the  cooling  capacity  as  a  function 
dependent  on  supplying  current  for  a  given  temperature 
difference.  During  increase  the  supplying  current  the  cooling 
capacity  getting  higher  till  its  maximum  value  in  the  range 
between  2,75  -  3,0 A  than  significantly  decreases.  Maximum 
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Fig.2.  Temperature  difference  vs.  supplying  current 
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10.00 


cooling  capacity  Qomax^.OSW  is  reached  for  I=2.8A  (for 
AT=0K). 

The  mentioned  optimization  method  of  a  multistage 
thermoelectric  system  covers  two  cases  of  the  target  function: 
maximum  temperature  difference  or  maximum  cooling 
capacity  which  depends  on  supplying  parameters  of  the 
cascade  and  its  geometry.  The  comparison  of  numerical  results 
of  the  optimization  process  and  results  from  the  experiments  is 
presented  in  tab.l  and  tab.2.  These  tabs  correspond  to  fig.l 
and  fig.2  respectively.  It  could  be  noticed  that  the  results 
obtained  on  the  base  of  theoretical  considerations  shows  quite 
good  correctness  with  the  experimental  measurements. 

Next  figure  i.e.  fig.4  is  given  as  an  example  of 
temperature  distribution  on  particular  stages  of  the  cascade  for 
Qo=OW.  It  could  be  underlined  that  temperature  differences 
are  getting  smaller  on  the  succeeding  stages  and  minimum 
temperatures  on  particular  stages  are  obtained  for  the  same 
supplying  current  what  prove  correct  of  working  conditions 
and  that  stages  are  well-matched. 

Summary 

1.  The  experiments  have  shown  that  the  cold  side 
temperature  of  the  tested  three  stage  cascade  can  reach 
200K  (-73°C)  for  cooling  capacity  Q0=1W  what  is  one  of 
the  essential  conditions  for  application  it  as  a  cooling  unit 
in  cryosurgical  destroyers  while  for  Q0=OW  the  cold  side 
temperature  decreases  down  to  183K  (-90°C). 

2.  The  temperature  distribution  on  the  particular  stages  of  the 
cascade  proves  correct  selection  of  geometrical  parameters. 

3.  The  numerical  computations  show  good  compliance  with 
the  experimental  results. 

4.  Actually  next  research  works  will  be  undertaken 
concerning  a  new  version  of  the  cascade  for  significant 
improvement  of  parameters  in  the  clinical  aspect. 
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Abstract 

The  life  tests  on  the  thermoelectric  shock  of  semiconductor 
coolers  show  that  the  life  of  semiconductor  coolers  follows  the 
Weibull  distribution.  After  the  early  failed  devices  are  removed, 
the  failure  rule  of  the  devices  can  be  described  as  an  exponen¬ 
tial  distribution.  The  main  failure  mode  is  the  crack  between 
electric  couple  material  and  welding  pad.  The  failure  mecha¬ 
nism  is  the  orientated  incline  and  easy  splitting  of  the  thermoe¬ 
lectric  materials  and  the  stress  of  substrate  deformation  due  to 
the  temperature  difference  between  the  two  sides  of  the  cooler. 
The  reliability  of  the  devices  can  be  increased  by  using  multi¬ 
layer  metalization  in  electric  couple  welding. 

Introduction 

Semiconductor  coolers  have  been  produced  for  four  decades. 
With  the  progress  of  science  and  technology,  the  application  of 
semiconductor  coolers  has  been  gradually  increasing111  because 
of  their  following  advantages:  small  size,  light  weight,  no  me¬ 
chanical  vibration,  no  wear  and  no  noise,  no  effect  of  gravity 
and  no  pollution;  furthermore,  adjustable  cooling  speed  and 
easily  temperature  and  heat  transfer  control  by  not  only  cooling 
but  also  heating.  Since  the  first  International  Thermoelectricity 
Conference  took  place  in  1976,  15  sessions  have  held,  and  new 
research  fields  (such  as  thermoelectric  materials,  thermoelec¬ 
tricity  theories,  test  methods  and  equipment,  thermoelectric 
devices  and  systems,  etc.)  have  been  created.  Attention  to  the 
thermoelectric  device  development  and  the  need  for  semi¬ 
conductor  coolers  increase  rapidly. 

The  semiconductor  cooler  is  a  kind  of  solid-state  devices, 
and  its  reliability  should  be  extremely  high  theoretically.  How¬ 
ever  in  practical  use,  after  short  working  time,  the  internal 
resistance  of  some  coolers  increases,  and  the  cooling  value  and 
efficiency  decrease.  The  catastrophic  failure  occurs  due  to  open 
circuit.  This  has  been  proved  in  thermoelectric  shock  test121.  So 
far  except  for  the  property  of  thermal  couple  metalization131  and 
stability141,  the  research  on  the  life  characteristics  and  failure 
distribution  of  semiconductor  has  not  been  reported.  The  semi¬ 
conductor  cooler  is  different  from  ordinary  semiconductor 
devices,  and,  it  has  its  instinct  features,  such  as  functional 
material,  device  structure,  manufacture  process,  working  condi¬ 
tions  and  property  parameters,  etc.  Therefore  the  research  on 
the  failure  modes  and  principles  of  semiconductor  coolers 
should  be  carry  out,  and  the  quantitative  and  qualitative  de¬ 
scription  of  the  life  characteristics  and  their  distribution  will  be 
the  reference  to  increase  the  reliability  of  semiconductor  coolers 
and  their  efficient  use. 


Life  Test 

In  order  to  reflect  the  real  working  life  of  the  coolers,  the 
tests  were  executed  in  accord  with  the  true  working  state  and 
conditions  of  the  coolers.  While  working,  DC  passed  through 
the  cooler  with  the  temperature  differential  between  the  two 
sides  of  the  cooler.  In  some  use,  the  hot  side  and  the  cool  side 
often  change  alternatively.  The  widely  used  working  condition 
is  that  the  current  is  about  1/2— 2/3  of  the  maximum  current  I***, 
and  the  temperature  difference  A  T  between  the  hot  side  and 
the  cool  side  is  proximately  (1/3— 1/2)  A  Tmax.  The  best  testing 
method  to  simulate  the  above  working  state  and  condition  is  to 
apply  the  constant  current  on  the  coolers  which  changes  in  its 
polarity  periodically.  The  test  mentioned  above  is  called  ther¬ 
moelectric  shock  test.  Fig.  1  and  Fig.2  show  the  shock  current 
curve  applied  jo  the  coolers  and  the  temperature  changes  on  the 
hot  and  the  cool  sides  in  the  test  respectively.  Ip  and  -Ip  are  the 
positive  and  negative  current  applied  on  the  coolers  respectively. 
T  is  the  cycle  time  of  the  shock.  Because  the  time  constant 
when  the  coolers  reach  the  maximum  temperature  difference  is 
about  one  minute,  T  is  determined  as  three  minutes.  Tl  and  TH 
are  the  temperatures  on  the  cool  side  and  the  hot  side  of  the 
cooler  respectively.  By  the  above  method,  the  wire  welding,  the 
couple  metalization,  the  couple  welding,  the  thermal  matching 
and  the  adaptability  of  the  couple  material  are  examined  effi¬ 
ciently. 


The  project  is  financially  supported  by  the  China  National  Natural  Science  Fund 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


708 


16th  International  Conference  on  Thermoelectrics  (1997) 


Fig, 2  The  alternative  temperature  change  on  the  two  sides 
the  cooler 


Test  results  and  analyses 

The  failure  distributions  of  the  coolers,  after  the  thermoelec¬ 
tric  shock  repeated  5000  limes,  are  shown  as  Tab.2.  From  the 
data  in  Tab.2,  the  reliability  features  of  the  two  types  of  coolers 
are  calculated  by  the  Weibull  graphic  evaluation.  Fig.3  and 
Fig. 4  show  the  regression  curve  of  the  type  TEC1-09702  and 
TEC  1-03 104  coolers  on  the  Weibull  probability  papers  (in  the 
figures,  the  tnie  shock  time  l=t’  *  102).  Then  from  the  lines,  the 
reliability  characteristics  are  given  in  Tab.3.Under  the  thermoe¬ 
lectric  shock,  the  failure  rule,  or  life  distribution,  follows  the 
Weibull  distribution,  and  is  extremely  close  to  the  exponential 
distribution  used  in  semiconductor  devices  reliability  analyses. 
Thus  the  reliability  of  semiconductor  coolers  can  be  described 
or  predicted  by  the  exponential  distribution. 
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The  coolers  used  in  the  test  are  type  TEC1- 
03104  and  TEC1-09702.  At  normal  temperature 
and  pressure,  the  coolers  were  not  mounted  with 

heat  sink.  The  test  parameters  and  the  structures  _ 

of  the  coolers  are  shown  in  Tab.  1 . 

Before  the  test,  the  samples  were  applied  by 
shock  tests  100  times,  and  the  early  failure  cool- 
ers  were  removed.  In  the  test,  the  maximum 
temperature  differential  A  Tmax  was  measured 
before  test  and  when  the  shock  cycle  reached  80, 

160,  320,  640,  1280,  2560,  5000  times.  The 
failure  criterion  is  defined  as  the  comparison 
between  the  measured  A  Tmax  and  the  original 

A  Tmax0  measured  before  the  test.  When  the  -  -  - v 

relative  change  (A  Tmax-A  Tmax0)/  A  Tmax0  > 

10%,  The  cooler  is  regarded  as  failure,  which  is  .  ..  f 

Fig.3  The  regression  curve  of  the  life  distribution  of  the  type  TEC1-09702 

called  degradation  failure.  If  the  cooler  circuit  is  ,  . . . 

coolers  on  the  Weibull  probability  paper 

open,  the  catastrophic  failure  happens. 

Tab.2  The  failure  distribution  and  accumulated  failure  probability  of  the  coolers 
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Tab. 3  The  reliability  characteristics  and  the  distribution  function  of  the  coolers 


Among  the  failure  coolers,  about  10%  are  degradation 
failure  due  to  the  internal  resistance  increase  and  the  cooling 
efficient  decrease,  and  90%  are  catastrophic  failure  from  the 
open  circuit.  In  the  catastrophic  failure  coolers,  the  separation 
of  wire  welding  takes  up  about  5%,  and  thermoelectric  material 
splitting  causes  nearly  another  5%.  The  majority  of  the  cata¬ 
strophic  failure  is  due  to  the  welding  pad  separation  of  thermoe¬ 
lectric  couples,  which  is  mainly  caused  by  the  exfoliating  of  the 
metalization  layer  on  the  welding  end  of  thermoelectric  couples. 
It  is  noticeable  that  more  than  80%  of  these  kinds  of  the  failure 
thermoelectric  couples  are  located  in  the  periphery  of  the  cooler. 
That  means  that  in  thermoelectric  tests,  the  failure  is  easy  to 
occur  on  the  edge  of  the  cooler.  The  reason  is  understandable. 
After  the  current  passes  the  cooler,  the  temperatures  on  the  two 
sides  are  different,  which  create  about  20—30  *C  differential 
which  produces  3-6  p  m  move  from  the  center  to  the  edge  of 
the  ceramic  plates  on  the  cooler’s  two  sides.  The  thermal  stress 
exerts  on  the  ends  of  the  couples  in  opposite  directions,  and 
penetrate  into  the  welding  plane  and  the  inside  of  the  couple.  In 
addition,  in  the  test,  the  stress  changes  its  direction  at  every 
three  minute.  After  the  stress  repeats  certain  times,  with  the 
continuous  deformation  of  the  welding  layer  and  material  of  the 
cooler,  the  tired  splitting  occurs  at  the  weak  place,  then  extends 
continuously  and  leads  to  the  separate  of  the  welding  or  the 
splitting  of  the  couple.  Since  the  adhesion  of  the  metalization 
layer  and  thermoelectric  material  is  weaker,  this  becomes  the 
place  where  failure  is  easy  to  happen.  The  maximum  stress  is 
located  on  the  edge  of  the  device  and  thermal  material  has  its 
easy  splitting  defects.  For  this  reason,  the  thermal  stress  makes 
the  couples  on  the  edge  of  the  cooler  easy  to  increase  the  inter¬ 
nal  resistance  or  open  the  circuit,  which  cause  the  degradation 
or  catastrophic  failure  of  the  cooler. 


the  cool  side  change  alternatively,  the  semiconductor  cooler 
reliability  found  in  the  test  follows  the  Weibull  distribution. 
This  method  is  much  more  strict  than  the  static  test  which 
keeps  the  cool  side  and  the  hot  side  unchanging.  And  it  has  an 
acceleration  affect,  but  the  acceleration  ratio  needs  to  be  inves¬ 
tigated.  From  the  experiment,  it  is  found  that  the  test  method  is 
an  effective  way  to  proceed  reliability  screening  of  the  coolers. 
The  key  to  increase  to  cooler  reliability  is  to  improve  the  adhe¬ 
sive  strength  of  the  couple’s  metalization  and  reduce  the  de¬ 
formation  stress  in  the  structure  of  the  cooler. 
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Conclusion 

By  using  the  dynamic  thermal  shock  test  which  the  hot  and 
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Abstract 

The  determination  of  the  thermal  conductivity  of  thin  films 
is  of  great  interest  both  for  understanding  the  structure  and 
conduction  mechanism  and  for  numerous  technical 
applications  of  these  films.  The  thermal  conductivity  A.  is  a 
crucial  term  of  the  thermoelectric  figure  of  merit  z  =  a 2a/A 
and  consequently  an  important  parameter  for  the  design  of 
thermoelectric  thin  film  devices.  Usually  the  film 
properties  differ  considerably  from  the  bulk.  Recently 
research  activities  are  focused  on  thermoelectric  thin  film 
materials,  since  high  z  values  can  be  expected  in 
lowdimensional  structures.  Standard  methods  for  the 
investigation  of  the  Seebeck  coefficient  a  and  the  electrical 
conductivity  a  are  well  established.  However, 
measurements  of  the  thermal  conductivity  of  thin  films  are 
sofisticated  and  associated  with  various  problems.  New 
methods  for  the  measurement  of  the  thermal  conductivity 
of  thin  films  are  reviewed.  The  problems  of  stationary  and 
transient  measuring  techniques  are  discussed.  The  results 
are  interpreted  with  models  of  surface  scattering  and  grain 
boundary  scattering  of  charge  carriers  and  phonons. 

Features  and  problems  of  stationary  and  transient 
measuring  techniques 

Measurements  of  the  thermal  conductivity  of  thin  films 
with  thicknesses  d  <  1  pm  are  associated  with  some  crucial 
experimental  problems.  Therefore  only  few  experimental 
investigations  have  been  performed  in  the  temperature 
range  80- 400  K/l-5/. 

i)  One  crucial  problem  arises  from  the  anisotropy  of  the 
film  structure.  For  example,  bulk  thermoelectric  materials 
like  (Bi  j.xSbx)Te3  solid  solutions  show  strong  anisotropy 
of  the  thermal  conductivity.  Thin  films  of  this  material 
have  a  polycrystalline  columnar  film  structure,  where  the 
crystallographic  c-axis  of  the  grains  is  perpenticular  to  the 
substrate.  In  such  films  the  thermal  conductivity  in  the 
direction  perpenticular  to  the  film  surface  Aj_  differs  from 
the  thermal  conductivity’  in  any  direction  parallel  to  the 
film  surface  Ay.  Therefore,  measuring  techniques  for  thin 
films  should  take  into  consideration  these  effects  of 
anisotropy  and  should  enable  the  separate  determination  of 
A_^  and  Ay. 

ii)  The  principle  of  stationary  measurements  of  Ay  is  shown 

in  Fig.  1 .  By  using  a  heat  sink  and  a  heat  source  (heating 
power  Q)  a  heat  flux  is  generated  through  the  film.  By 
temperature  sensors  (e.  g.  thermocouples  or  bolometers) 
the  temperatur  gradient  [T(x])  -T(x2)]/1  in  the  film  can  be 
detected.  Usually  the  film  thickness  d  is  determined  during 
the  deposition  process  by  a  quartz  microbalance.  With  the 
measured  quantities  Q  and  [T(xj)  -T(X2)]/1  and  with  the 
known  film  cross  section  A  =  d-b  (where  b  is  the  film  and 
substrate  width).  A  can  be  calculated  according  to  equ.  (1) 
Q  =  A  d  b  [T(xj)  -T(x2)]/1  (1) 


T.  rffltctor  T 


Tt  reflector  T, 


Fig.  1:  Principle  of  steady  state  measurements  of  Ay 

The  most  important  problem  for  such  stationary 
measurements  of  Ay  consists  in  the  the  influence  of  the 
substrate.  For  sufficient  measuring  accuracy,  the  product  of 
thermal  conductivity  A  and  film  thickness  d  should  be 
equal  to  or  higher  than  the  corresponding  product  As-dg  of 
the  substrat. 

A-dSAg-dg  (2) 

In  order  to  increase  the  measuring  accuracy,  sometimes 
both  sides  of  the  substrate  are  deposited  with  identical 
films  (Fig.  1).  Measurements  were  carried  out  preferably 
on  metal  films  of  high  thermal  conductivity  like  Ag.  Au. 
Cu,  /l,  3,  5,  6-7/.  In  order  to  achieve  a  small  heat  flux 
through  the  substrate,  thin  mica,  glass  or  polymer 
substrates  with  a  typical  value  As-dg  =  10'^  W/K  are  used. 
For  semiconducting  films  with  A  in  the  order  of  magnitude 
1  W/mK  we  learn  from  equ.  (2).  that  only  films  with  d  > 
lpm  can  be  investigated  with  sufficient  measuring 
accuracy.  However,  for  many  applications  and  for 
theoretical  works  we  are  interested  in  measurements  with 
film  thickness  d  <  1  pm. 

Boiko  et  al  /6/  have  developed  a  sofisticated  method  for  the 
preparation  of  self-supporting  films  on  heat  sinks.  The 
measurement  is  based  on  the  analysis  of  the  temperature 
distribution  in  the  film  by  using  electron  diffraction. 
Measurements  were  performed  on  Ag  films  in  the 
temperature  range  300-900  K. 

iii)  A  further  crucial  problem  is  the  emission  of  a 
considerable  portion  of  the  heat  flux  by  thermal  radiation. 
Therefore,  stationary  measuring  methods  should  include  a 
simultaneous  evaluation  of  the  emissivity  e  of  the  film  or 
the  elimination  of  "radiation  losses".  A  decrease  of  thermal 
radiation  can  be  achieved  by  the  application  of  radiation 
shields  with  appropriate  temperature  profiles  or  reflecting 
mirrors  (Fig.  1). 

Other  problems  arise  from  the  heat  losses  of  the  heater  or 
by  the  temperature  sensors  (e.  g.  thermocouples),  since  the 
heat  flux  through  the  film  is  very’  small  and  the  heat  losses 
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through  the  electrical  connections  of  temperature  sensors 
and  heaters  can  be  in  the  same  order  of  magnitude. 

Finally,  a  portion  of  the  heat  flux  through  the  films  can  be 
delivered  by  thermal  conduction  and  convection  of  the 
surrounding  gas.  These  heat  losses  are  eleminaled  by  the 
application  of  an  evacuated  measuring  setup  with  vacuum 
pressures  p  <  10*^  mbar. 

Transient  methods  apply  an  ac  elctrical  heating  power  Q  oc 
exp(icot),  which  generates  a  thermal  wave  propagation 
through  the  film.  The  application  of  the  well  known 
Angstrom  method  for  thin  films  /8/  is  an  example  of  such  a 
transient  measuring  technique  (Fig.  2). 


T(x,t 


Tk 

Q  «  e'®1 
heater 


T(x+/,t) 


film 


substrate. 


_Glm_ 


^  raHiafin 


Heat  sink 


radiation 
T(x+/,t)  /  T(x,t)  =  exp(a/)  •  expfiP  l) 


attenuation  phase  shift 

Fig.  2:  Principle  of  the  transient  Angstrom  method 


Here,  no  precautions  for  the  elimination  of  radiation  losses 
are  necessary.  The  ratio  of  the  temperatures  T(x+1,  t)  and 
T(x,  t)  at  two  positions  with  a  distance  1  yields  the 
attenuation  factor  exp(al)  and  the  phase  shift  exp(il)l)  of 
the  thermal  wave.  Using  these  two  quantities,  the  thermal 
diffusivity 

a  =  k/(p-c)  =  (o/(2a|3-a2+p2)  (3) 

can  be  calculated,  p  is  the  density  and  c  the  specific  heat 
capacity  of  the  film.  The  emissivity  of  the  film  can  also  be 
determined.  With  respect  to  the  measuring  accuracy,  in 
addition  to  equ.  (2)  an  analogous  equation  should  be 
fulfilled  for  the  specific  heat  capacitances  of  film  and 
substate,  respectively: 

p-c-d  >  Pg-Cg-dg  (4) 

However,  the  disadvantage  of  most  of  the  transient 
methods  is  the  fact  that  only  the  thermal  diffusivity  can  be 
determined.  Usually  the  thermal  conductivity  is  deduced 
with  the  help  of  the  bulk  values  of  density  and  specific  heat 
capacity.  This  procedure  is  very  questionable,  since  the 
values  of  p  and  c  in  thin  films  may  differ  considerably 
from  the  bulk  /9,  10/. 


Transient  3<»  method 

The  transient  3m-method  which  yields  the  thermal 
conductivity  (not  the  diffusivity  a)  was  developed  by  Cahill 
and  Pohl  /l  1/.  Fig.  3  shows  a  sample  with  the  metal  line 
that  serves  simultaneously  as  heater  and  thermometer.  It  is 
in  intimate  thermal  contact  with  the  sample.  The  narrow 
metal  line  and  the  rectangular  pads  are  produced  on  the 
sample  either  by  photolithography  (with  line  widths  of  5 


pm  or  35  pm)  or  by  evaporation  through  masks  (with  line 
width  of  90  pm).  In  order  to  avoid  reflections,  the  sample 
thickness  must  be  at  least  five  times  the  width  of  the  line 
and  the  surface  of  the  sample  must  be  large  enough  to 
accommodate  the  length  of  the  metal  line  and  the  electrical 
connections  for  the  four  point  probe  technique. 


healer/I  hermometor  with 
line  width  h  =  5,  35  or  90  |im 


Fig.  3:  Evaporated  metal  pattern  on  the  face  of  a  sample  for 
3co  measurements 


Fig.  4:  Diagram  of  the  equipment  used  for  the  3co  method 

Fig.  4  shows  a  schematic  diagram  of  the  equipment.  A 
frequency  synthesizer  supplies  the  driving  current,  which 
is  a  very  pure  sine  wave.  The  sinusoidal  current  of  angular 
frequency  co  heats  the  sample  at  2co.  The  heating  produces 
a  temperature  oscillation  with  frequency  2ro.  The  metal 
line  also  serves  as  a  thermometer;  the  resistance  of  the  line 
is  a  function  of  the  temperature.  The  resistance  oscillation 
at  2©  multiplied  by  the  exitation  current  at  co  produces  a 
voltage  oscillation  at  3co.  The  amplitude  of  this  3o>  voltage 
is  measured  by  the  lock-in  amplifier  (hence,  the  name:  3co 
method).  In  addition  to  the  voltage  at  3co,  a  very  large 
voltage  at  co  is  present  across  the  heater-thermometer;  the 
co  voltage  is  typically  1000  times  larger  than  the  3co 
voltage.  To  reduce  this  large  voltage  at  frequency  o\  a 
resistor  is  placed  in  series  with  the  heater-thermometer 
resistance.  By  adjusting  the  gain  of  the  multiplying  digital- 
to-analog  converter,  the  co  voltage  from  the  series  resistor 
can  be  made  equal  to  the  co  voltage  from  the  heater- 
thermometer.  The  differential  input  of  the  lock-in  amplifier 
can  then  reduce  the  c o  content  of  the  input  voltage  to  an 
acceptable  level.  A  frequency  tripler  provides  a  reference 
signal  at  3co.  By  measuring  the  third-harmonic  signal- at 
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two  frequencies,  f)  and  fj,  we  obtain  the  thermal 
conductivity 

V3  ln(f,  /f2)  dR 
47tlR2[V3(f1)-V3(f2)]dT 

R  is  the  average  resistance  of  the  metal  line.  V  is  the 
voltage  across  the  line  at  frequency  m,  and  Vjffj ),  Vj^) 
are  the  voltages  at  the  third  harmonic  for  frequencies  f| 
and  f2  .  respectively.  dR/dT  is  the  slope  of  the  calibration 
of  the  metal  line  (resistance  as  a  function  of  temperature) 
at  the  temperature  of  the  measurement. 

By  increasing  the  frequency  ©,  the  technique  can  be 
adapted  to  measuring  the  thermal  conductivity  of  films  on 
substrates.  If  the  heater-thermometer  is  evaporated  onto  a 
dialectric  film  of  thickness  d,  situated  on  some  substrate 
(Fig.  5).  the  thermal  wave  will  be  confined  to  the  film  if 
the  penetration  depth  (a/2ra)^  <  d. 


Fig.  5:  Amplitude  of  temperature  oscillation  of  the  heater- 
thermometer  for  a  25-nm-thick  film  of  a-Si  on  A1  substrat 

If.  however,  (a/2m) '  ^  ^  the  film  can  be  neglected,  and 
the  thermal  wave  can  be  considered  as  diffusing  entirely  in 
the  substrate.  The  temperature  amplitude  AT  as  a  function 
of  the  frequency  of  the  temperature  oscillation  2©  is  shown 
in  Fig.  5  for  an  amorphous  silicon  film  (a-Si)  adhering  to 
an  aluminium  substrate.  For  small  frequencies,  the  small 
slope  of  the  straight  line  obtained  when  AT  is  plotted 
versus  the  natural  logarithm  of  this  frequency  is  the  result 
of  the  large  thermal  conductivity  of  the  aluminium 
(obviously,  the  frequency  range  is  inadequate  to  measure  X 
in  this  case).  As  the  frequency  increases  beyond  ~  1(P  Hz, 
AT  decreases  rapidly,  and  approaches  a  staight  line  in  Fig. 
5,  from  which  the  thermal  conductivity  of  the  a-Si  can  be 
determined. 

For  films  <  10  pm  thick  the  frequencies  ©  needed  to  satisfy 
(ay,2oi),/2  <  d  quickly  become  cumbersome  because  of  the 
required  lock-in  technique,  and  thus  the  3©  method 
becomes  less  suitable  for  very  thin  films.  In  addition,  the 
technique  yields  no  information  regarding  the  anisotropic 
behaviour  of  the  thermal  conductivity. 

Steady  state  and  transient  measuring  technique  using 
microsensors  prepared  by  micromachining 
Volklein  et  al  /12,  13/  have  developed  a  new  steady  state 
and  transient  technique  by  using  silicon  chips  with 


extremly  thin  membranes.  Fig.  6  shows  such  a  microsensor 
prepared  by  micomachining. 


Fig.  6:  Schematic  of  a  sensor  chip  for  thermal  conductivity 
measurements 


The  membrane  (2)  consists  of  a  set  of  SiC/Si^^  layers 
(total  thickness  ds  =  100  nm)  with  poor  thermal 
conductivity.  This  SiC/Sij^  sandwich  system  is  deposited 
on  both  sides  of  a  silicon  wafer  (1)  by  Plasma  Enhanced 
Chemical  Vapor  Deposition  (PECVD).  The  back  sandwich 
system  is  patterned  by  photolithographic  and  plasma¬ 
etching  techniques.  Then,  anisotropic  etching  of  the  silicon 
wafer  with  KOH  solution  forms  a  self-supporting 
membrane  (2;  width  l+g  and  length  b,  where  b  »  l+g)  on 
the  front  side.  A  thin  stripe  of  aluminium  (3;  called 
bolometer  hereafter)  with  a  narrow  width  g  (g  «  I)  and 
thickness  dg  =  200  nm  is  deposited  by  vacuum  evaporation 
and  is  patterned  by  photolithography  on  the  membrane. 
The  bolometer  is  connected  with  bonding  pads  (4)  on  the 
bulk  silicon  frame.  The  film  (5)  to  be  investigated  is 
deposited  onto  the  bolometer-free  side  of  the  membrane  bv 
any  deposition  technique.  For  thermal  conductivity 
measurements  as  a  function  of  temperature  Tq.  the  sensor 
with  a  silicon  frame  temperature  Tq  is  placed  in  a  "black 
environment”  of  the  same  temperature  Tq  and  in  a  vacuum 
chamber  with  a  pressure  of  less  than  10'^  mbar.  The 
bolometer  is  heated  electrically  (heating  power  N).  This 
leads  to  an  increase  of  the  average  bolometer  temperature 
AT=T  -Tq  ,  whereas  the  silicon  frame  acts  as  a  heat  sink 
with  unchanged  temperature  Tq.  The  temperature  rise  is 
determined  from  the  resistance  change  of  the  bolometer: 
R(T)-R(T0)  ar 


AT  = 


(6) 


R(T0)  P  R(T0)  P 

where  R(Tq)  and  R(T)  are  the  resistances  of  the  unheated 
and  heated  bolometer,  respectively,  and  ()  is  the 
temperature  coefficient  of  resistivity.  Experimentally,  the 
resistance  R(T q).  the  heating  power  N  and  the  resistance 
change  AR  are  determined  by  a  four-point  probe  method. 
The  membrane  thermal  conductivity  Xs  can  be  calculated 
from  the  measured  thermal  conductance  G  =  N/AT  of  the 
sensor  by 

G  l  N-R(T0)  b  I 


(7) 


4  b  AR  4  •  b 
For  a  sensor  chip  with  a  deposited  thin  film  (thermal 
conductivity  k,  thickness  d)  on  the  bolometer-free  side  of 
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the  membrane,  we  must  replace  the  product  Xs-ds  by  the 
sum  ( }.s-ds  +  X-d).  For  the  unknown  thermal  conductivity 
of  the  film,  we  obtain 


_N -R(Tq) -p  I 
AR  4  b 


^•s ' 


(8) 


where  N  is  the  heating  power  and  Aft  is  the  resistance 
change  for  a  sensor  chip  with  the  deposited  thin  film. 


Time  response  analysis  of  the  sensor  chip 

If  we  apply  a  constant  heating  power  to  the  bolometer  at 

time  t  =  0  (Fig.  7),  its  time  response  is 


^5<!U4T(t)=£ 

R(T0)  P  G 


1  -  exp( - ) 


(9) 


where  xs  is  the  thermal  time  constant  of  the  sensor,  which 
is  measured  according  to  Fig.  7. 


Fig.  7:  Heating  power  N(t)  and  resistance  change  AR(t)  as 
a  function  of  time  t.  ARg  is  the  stady  state  resistance 
change  (for  t  =>  oo)  and  the  thermal  time  constant  t  is 
determined  at  (1-  e-')-  ARg  =  0,63-ARg  . 


Owing  to  the  optimization  of  the  membrane  dimensions,  xs 
can  be  described  by  a  simple  expression: 

ts  =  (Ps-csds)(i  +  g)b/G  10) 

Here,  ps  and  cs  are  the  mass  density  and  the  specific  heat 
capacity  of  the  membrane,  respectively.  Using  the 
experimentally  determined  time  constant  xs,  equ.  (10) 
yields  the  membrane  specific  heat  capacitance  ps  cs,  and 
the  thermal  diffusivity  as  =  Xs  /  ps-cs  can  be  calculated, 
since  Xs  is  known  from  the  steady  state  measurement.  The 
typical  thermal  time  constant  xs  of  our  sensor  is  about  1  ms 
at  To  =  295  K.  After  deposition  of  any  film  onto  our  sensor 
chip,  the  specific  heat  capacitance  p-c  of  this  film  is 
deduced  from 

^  =  (ps  cs  ds+P  c  cl)  (^  +  9)  b/G  (11) 

where  x  and  G  are  the  time  constant  and  the  thermal 
conductance  of  the  deposited  sensor  chip,  respectively. 
Figure  8  shows  the  application  of  the  sensor  for  in  situ 
thermal  conductivity  measurements.  The  sensor  chip  is 
placed  in  a  water-cooled  sensor  head  with  constant 
temperature  T0  and  is  electrically  connected  with  a 
Wheatstone  bridge.  Before  film  deposition,  the  resistance 
of  the  unheated  bolometer  R(Tq)  is  measured  and  the 
Wheatstone  bridge  is  balanced  (signal  voltage  U(d)  =  0)  by 
using  a  very  small  voltage  UB.  This  small  voltage  is 
required  to  prevent  a  temperature  rise  of  the  bolometer. 


Then,  using  a  higher  U B.  a  temperature  increase  of  about 
10  K  is  caused  by  the  heating  power  /V  =UB2l(n+ 1  )2-ft(V'p) 
with  n  =  I<A/  Rj)  (sec  Fig.  8).  The  temperature  rise  leads 
to  a  resistance  change  A ft  and  to  the  signal  voltage  U0. 


Quartz 

oscillator  Substrate 


Fig.  8:  Principle  of  in  situ  measurement 


During  the  deposition  of  a  thin  film,  the  thermal 
conductance  of  the  membrane  increases  according  to 
G  =  [Xs-ds  +  X(d)-d]-b  /  /  ( 1 2>  • 

where  the  thermal  conductivity  of  the  growing  film  X(d)  is 
usually  a  function  of  thickness,  and  where  d  increases  with 
increasing  deposition  time.  Therefore,  the  temperature  rise 
of  the  bolometer  and  its  resistance  change  Aft  are  reduced 
during  the  film  deposition.  Hence,  the  signal  voltage 
decreases  according  to 


U(d)  = 


P 


ul 


(13) 


(n  +  1)4  p  R(T0)  [Xs  ds  +  McJ)  d] 

We  simultaneously  record  this  voltage  U(d)  and  the  signal 
of  a  quartz  oscillator  monitor,  which  is  proportional  to  the 
thickness  d  of  the  growing  film.  These  two  signals  are 
evaluated  during  the  deposition,  by  a  PC.  Thus  the  thermal 
conductivity  is  calculated  according  to 


m= 


•p 


i 


1 


(n  +  1)4  P  4  b  R(T0)  d  lU(d) 


1 


1 

Un 


(14) 


Fig.  9:  In  situ  measured  signal  voltage  lJ(d)  (•)  and 
thermal  conductivity  X{d)  (■)  of  growing  silver  film. 

Fig.  9  shows  an  example  of  an  in  situ  measurement.  It 
represents  the  signal  voltage  (/(</)  and  the  thermal 
conductivity  X(d)  of  a  silver  film  during  a  deposition 
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process  of  up  to  20  nm  film  thickness.  Fig.  9  demonstrates 
the  very  high  sensitivity  of  the  sensor.  Above  the  average 
film  thickness  of  8  nm,  thermal  conduction  of  the  film  is 
observed.  The  start  of  thermal  conduction  corresponds  to 
the  coalescence  state  of  the  silver  film  islands. 

Fig.  10  shows  the  thermal  conductivity  of  antimony  films 
with  thicknesses  ranging  from  27  nm  to  230  nm. 


Fig.  10:  Thermal  conductivity  of  Antimony  films  as  a 
function  of  temperature 

Fig.  11  represents  thermal  conductivity  measurements  on 
bismuth  films  in  the  temperature  range  80  -  400  K. 


R(Tm)-R(Tq)  _ I2R(Tq)  fl5) 

M  °  R(T0)p  (jt2Mb/l)  +  8eyT03lb 

where  r.  is  the  emissivity  of  the  film  and  y  is  the  Stcfan- 
Boltzmann  constant.  Equ.  (15)  demonstrates  that  the  mean 
temperature  is  a  function  of  the  two  unknown  parameters  X 
and  e.  However,  if  we  perform  two  measurements  on 
identical  films,  which  are  produced  at  the  same  deposition 
process,  but  with  different  lengths  l|  and  I2.  respectively, 
we  are  able  to  determine  as  well  as  the  thermal 
conductivity  and  emissivity. 


Fig.  11:  Thermal  conductivity  of  Bismuth  films  as  a 
function  of  temperature 


Investigations  of  extremely  thin  films 

Measurements  of  A.||  on  extremely  thin  films  require  the 
preparation  of  a  self-supporting  film.  This  can  be 
performed  by  a  removal  of  the  substrate  using  bulk  or 
surface  micromachining  (e.  g.  by  a  sacrificial  layer 
technology  or  by  selective  plasma  dry  etching)  /14-16/.  Fig. 
12  shows  the  cross  sectional  view  of  an  experimental  setup. 
The  technique  can  be  applied  only  for  electrically 
conducting  films  with  a  temperature  coefficient  of 
resistivity  p  of  about  10*3  kT  Then,  the  film  can  be 
heated  by  a  current  I  and  its  resistance  serves  as  a 
temperature  sensor  Fig.  12  shows  a  film  with  length  1, 
thickness  d  and  width  b,  which  rests  on  a  heat  sink  with 
temperature  Tq  in  a  black  ambient  of  temperature  Tq.  The 
temperature  profile  T(x)  in  the  film  and  the  mean 
temperature  Tj^.  respectively,  can  be  calculated  with 
regard  to  the  boundary  conditions.  T^  is  given  by 


For  transient  measurements  the  heating  current  l(t)  is 
switched  on  at  t  =  0  in  form  of  a  step  function.  From  the 
experimentally  observed  temperature  increase  Pm(D  -Tq] 
oe  [1-  exp(-t/x)]  we  deduce  the  time  constant  x,  which  is 
related  to  the  specific  heat  capacitance  p-c  by 

pedib  .... 

x  =  — 5 - - - =—  (16) 

(rc2Mb  / 1)  +  8eyTglb 


Obviously,  the  combination  of  the  steady  state  and 
transient  measurement  yields  the  thermal  diffusivity  a. 


Measurements  of  Aj_ 

Fig.  13  demonstrates  the  problems  associated  with  the 
measurement  of  A,j_  and  a  method,  which  overcomes  these 
problems.  Interfaces  between  substrate  and  film  or  between 
film  and  heater/thermometer  may  have  a  thermal 
resistance  equal  to  the  thermal  resistance  of  the 
investigated  film  /17-18/.  However  ,  the  investigation  of 
two  identical  films  with  different  film  thicknesses  dj  and 
d2  enables  the  elimination  of  these  interface  effects. 

heater/thermometer 


heating  power  N,  /  heating  power  Nz 

temperature  T,  /  \  temperature  T, 


/ 

film 

thickness  d, 

film 

thickness  dz 

interface 

substrate 

(heat  sink  with  temperature  T.) 

Fig.  13:  Principle  of  Xj_  measurement 
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Such  identical  films  can  be  prepared  during  one  and  the 
same  deposition  process  by  the  application  of  a  shutter. 
Two  thin  film  heaters/thermometers  are  heated  by  the 
heating  power  per  unit  square  Nj  and  N2,  respectively.  Its 
temperature  increase  Tj  and  T2,  respectively  are  detected, 
where  Tq  is  the  temperature  of  the  substrate,  which  acts  as 
a  heat  sink.  The  thermal  conductivity  is  calculated 
according  to 

X  =  N-(  N2  (di  -d2)  /[N2  (Ti  -T0)  —  Ni  (T2-T0)]  (17) 


Theoretical  interpretation 

The  presented  theoretical  interpretation  is  focused  on  thin 
polycrystalline  films.  The  electrical  resistivity  of  these 
films  can  be  described  by  the  well  established  Fuchs- 
Sondheimer  /19-20/  and  Mayadas-Shatzkes  /21/  models. 
We  have  extended  these  models  to  the  interpretation  of  the 
thermal  conductivity.  With  a  model  of  surface  and  grain 
boundary'  scattering  of  charge  carriers  and  phonons  we  can 
analyze  the  charge  carrier  component  and  the  lattice 
component  of  the  thermal  conductivity.  The  theoretical 
results  are  compared  with  experimental  results  of  Bismuth 
and  Antimony  films  122-26/. 


Fig.  14:  MS  model  of  surface  and  grain  boundary 
scattering 

Charge  carrier  and  phonon  scattering  occurs  within  the 
grains  and  at  the  film  surfaces  and  grain  boundaries.  At 
the  film  surface  partial  diffuse  reflection  (scattering 
perameter  0  <  pe,  ppb  <  1  as  fraction  of  the  specularly 
reflected  carriers)  is  assumed.  The  grain  boundaries  are 
oriented  perpenticular  to  the  direction  of  the  external  fields 
(Ex.  cT/dx)  and  described  by  8-shaped  scattering 
potentials  of  strength  S  at  the  positions  xn,  which  are 
distributed  according  to  a  Gaussian  with  the  mean  grain 
boundary  distance  G.  For  the  crystallites  the  properties  of 
the  bulk  material  and  its  band  structure  are  assumed.  The 
scattering  processes  within  the  grains  (background 
scattering)  can  be  described  by  relaxation  times  t(s)  and 
T(q).  where  e  is  the  charge  carrier  energy  and  q  is  the 
phonon  (lattice)  mode.  There  is  no  preferential  orientation 
of  the  films  in  the  x-y-plane.  Therefore,  the  x-  and  y-axes 


of  the  coordinate  space  are  arranged  arbitrarily.  The 
external  fields  shall  be  oriented  parallel  to  the  x-axis. 


Thermal  conductivity  in  polycrvstalline  metal  films 
Presumtions  of  the  MS  model  and  of  our  calculations  arc: 

i)  complete  degeneration  of  the  electron  gas: 

-3f0/r>.  =  8(e-F), 

where  f0  =  [exp(s-F)/kT  +  l]'1  and  F  is  the  Fermi  level 

ii)  sherical  Fermi  surface  (isotropy) 

In  the  framework  of  this  model,  the  electrical  conductivity 
o(d,  G)  as  a  function  of  film  thickness  d  and  grain  size  G 
is  given  by 

a(d,G)  =  abu]|{-g(d.G)  ( • 8) 

where  abu]b  is  the  bulk  electrical  conductivity  and  the 
function  g(d,  G)  include  the  grain  boundary  and  surface 
scattering  of  the  electrons.  A  useful  approximation  of  this 
function  is 

<>*> 

where  1  is  the  mean  free  path  of  the  carriers  (in  the  bulk 
material),  y(S)  =  67i2mS2/h2F.  m  is  the  effective  mass  and 
h  is  Plancks  constant.  Calculations  of  the  thermal 
conductivity  demonstrate  that  it  can  also  be  described  by 
the  bulk  value  and  the  same  function  g(d,G): 

Md.O)-Xblllk-g(d.G)  <2(» 

Therefore,  the  quotient  of  thin  film  thermal  and  electrical 
conductivities  is  equal  to  the  quotient  of  the  bulk: 

X(d,G)/a(d,G)  =  Xbulk 1  CTbulk  =  L0T  (21) 

This  theoretical  result  demonstrates,  that  the  Wiedemann- 
Franz  law  is  valid  even  for  very  thin  polyciystalline  metal 
films  with  the  Lorenz-Number  Lq  of  the  bulk  material. 

An  experimental  verification  of  the  theory  is  represented  in 
Fig.  15  and  Tab.  1. 
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Fig.  15:  Thermal  conductivity  of  Aluminium  films 


Tab.  1:  Thermal  and  electrical  conductivity  and  Lorenz- 


Number  Ln  of  Aluminium  films  at  room  tern] 

perature 

d(nm) 

X  (W/mK) 

a(107/Qm) 

20 

72,5 

1,00 

iinsiM 

24 

83,5 

1,15 

30 

94,8 

1,30 

2,43x10"** 

Thermal  conductivity  in  bipolar  films  with  anisotropic 
transport  coefficients 

As  an  example  of  the  thermal  conductivity  in  bipolar 
semimetal  films  with  anisotropic  transport  coefficients  we 
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discuss  the  properties  of  Bismuth  and  Antimony.  Their 
transport  coefficients  can  satisfactorily  be  interpreted  only 
by  means  of  a  two-band  model.  At  temperatures  of  80  to 
400  K  Bismuth  with  its  small  band  overlap  is  within  the 
transient  range  between  degeneration  and  non¬ 
degeneration.  For  Antimony,  the  bulk  material  has  been 
analyzed  in  the  framework  of  a  partially  degenerate  two- 
band  many-valley-model.  In  this  model  the  Fermi  level  is 
pinned  between  the  two  band  edges.  Therefore,  the 
presumption  (-  df^/de)  =  5(e-F)  of  the  MS  model  is  not 
justified.  The  band  structure  of  Bismuth  and  Antimony 
crystallites  can  be  described  by  elliptical  Fermi  surfaces 
(many-valley-model).  The  grains  are  generally  columnar 
and  oriented  perpendicular  to  the  substrate  with  their  c- 
axis.In  the  framework  of  this  model  we  calculate  the 
i)  electrical  conductivity: 

CT  =  enhigOn(d’G)  +  ePllpgOp(d’G>  =  cn+CTn  (22> 


ii)  Seebeck  coefficient: 

a  =  (anan  +apOp)  /  a  (23) 


k 

«i  =  (+)t 
e 


23i(Ci)  9ii(d,G)  „ 
30(Ci)  9oi(d,G)  * 


(24) 


phonons.  The  quantitative  analysis  requires  the  partial 
conductivities  <t„.  <rp  and  the  partial  Seebeck  coefficients 
an,  ap.  However,  measured  quantities  arc  the  total 
electrical  conductivity  a.  the  Seebeck  coefficient  a  and  the 
total  thermal  conductivity  A..  With  these  quntitics  ct,v  ap. 
an  and  ap  cannot  be  determined.  However,  the  theoretical 
analysis  of  the  functions  gj-j(cLG)  shows,  that  the  quotients 
gli(d,G)/goj(d,G)  and  g2j(d.G)/goj(d.G)  can  be 
approximated  by  unity  for  film  thickness  larger  than  30 
nm.  Therefore,  we  can  use  the  bulk  values  for  an.  ap  and 
Ln,  Lp.  With  ctjbulk  and  the  measuring  results  of  a  and  n. 
the  partial  conductivities  an,  ap  arc  determined.  Then, 
using  equ.  (25)  the  charge  carrier  thermal  conductivity  Ae 
is  deduced  by  the  calculation  of  the  Wicdemann-Franz 
contributions  A,v  Ap  and  the  bipolar  term  A.^.  With  the 
total  thermal  conductivity  A.,  the  lattice  thermal 
conductivity  A,pj,  (phonon  contribution)  is  determined  by 
Aph  =  A.  -  A.e.  Applying  this  procedure,  the  thermal 
conductivities  of  Bismuth  and  Antimony  were  studied  for 
film  thicknesses  ranging  from  30  to  400  nm  in  the 
temperature  region  80-400  K.  Fig.  16  demonstrates  the 
results  for  Antimony  films.  Results  for  Bij.xSbx  films  are 
published  in  /24/. 


iii)  thermal  conductivity  (charge  carrier  contribution) 

^-e  =  LnCTnT+Lp<7pT+(ap-an)^nCTpT/CT  =  *n+V*«  (25) 

L  (  kf  332(Ci)30(Ci)g2i(d,G)g0i(d,G)-[231(Ci)gii(d,G)l2 
1  UJ  [30(^)goi(d,G)f 

(26) 

Here,  pn  and  pp  are  the  carrier  mobilities  in  the  bulk 
material,  n  and  p  are  the  electron  and  hole  concentration, 
respectively,  Fj  =  F-Ec  for  electrons  and  Fj  =  Ev  -  F  for 
holes,  Q  =  Fj/kT.  Ec  and  Ev  are  the  edges  of  the 
conduction  and  valence  band,  respectively.  i=  n  denotes  the 
electrons,  i=p  denotes  the  holes.  Lj  are  the  Loretiz- 
Numbers  for  the  two  bands.  3r(Q)  are  the  well  known 
Fermi  integrals  with  r  =  0,  1,  2. 

The  functions  g^cfG)  are  not  equal  for  electrons  and 
holes,  respectively,  and  they  take  into  consideration  the 
anisotropy  of  the  Fermi  surfaces.  These  functions  can  be 
approximated  by 


9n(d,G) 


i(  -ih 


r+3/2xi(ei)|  1  +  —  Yi(S|)  +  Pj)^ 

,v  1/1  ?  ,,v  '  8Ki(ei) 


-1 


dEi 


e,r+3/2ti(ei)dei 


where  Yj(S,)  = 


^/2miSi2Tj  (B| ) 


K|(Ci)  = 


(27) 

and 


=  (mj  +  (m2i)"V  (m2j[r^  are  the  axes 

of  the  effective  mass  tensor  in  the  x-y-plane,  is  the 

axis  perpenticularly  to  this  plane.  We  analyze  the  charge 
carrier  thermal  conductivity  with  the  help  of  equs.(22) 
to  (27).  assuming  charge  carrier  scattering  by  acoustic 


Fig.  16:  Lattice  and  charge  carrier  component  of  the 
thermal  conductivity  of  Antimony  films  as  a  function  of 
temperature 

From  these  investigations  the  lattice  thermal  conductivity 
of  Bismuth  films  and  Antimony  films  is  deduced  as  a 
function  of  thickness  and  represented  in  Figs.  17  and  18. 

Theory  of  the  lattice  thermal  conductivity  in  thin 
polycrystalline  films 

The  experimental  results  shown  in  Figs.  17  and  18.  can  be 
interpreted  by  means  of  phonon  scattering  on  surfaces  and 
grain  boundaries.  Using  the  model  of  Fig.  14,  the 
Boltzmann  equation  for  the  calculation  of  the  phonon 
occupation  number  N(q,  r,  t)  is 
Vi  3^  +  |  P(q  q,  )[n(q)  _  n(q,)]dq, 

(28) 
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where  n(q)  =  N(q.r.t)  -  N0(q).  q  is  the  lattice  mode  vector, 
Nfl(q)  =  {exp[hm(q)/kT]-l is  the  equilibrium  occupation 
number.  The  background  scattering  processes  within  the 
crystallites  are  described  by  the  isotropic  relaxation  time 
r(q)  =  x(oi).  vx  and  vz  are  the  x-  and  z-components  of  the 
velocity'  vector.  The  term  vzdn(q)/dz  takes  the  scattering 
effect  of  the  surfaces  into  account;  the  integral  describes 
the  grain  boundary  scattering,  where  P(q,q)  is  the 
transition  probability  for  a  phonon  in  state  q  to  be  scattered 
to  q'  by  the  grain  boundaries.  P(q,  q  )  is  calculated  using 
perturbation  theoiy. 


0  10  20  30  40 


1  /  d  ( 1 06  m" 1 )  ► 


Fig.  17:  Lattice  thermal  conductivity  of  Antimony  films  as 
a  function  of  film  thickness  at  T=80K  (lines:  theory) 
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Fig.  18:  Lattice  thermal  conductivity  of  Bismuth  films  as  a 
function  of  film  thickness  at  T=80K  (dashed  line:  theory) 


We  obtain  the  lattice  thermal  conductivity: 

*-ph  =  *ph,bulk  gplMG),  where  the  first  factor  is  the 
lattice  thermal  conductivity  of  the  bulk  material  and  the 
function  gp^ldG)  describes  the  dependence  of  Xpj,  on 
thickness  and  grain  size: 


e/T 


9ph(d.G)~  — 


f  x4ex  /  \{ *  3  3(1  Pph) 

J  7^r-^2T<x)l  1+ -7  + — 


(ex  - 1 Y 


-i-i 


8K 


dx 


0/T 

r  x4gx 


(29) 


2Sphx(x)  titt>  ,  w  d 
"ith  x=  kT  andK=t(x)» 

Here,  v  is  the  velocity  of  sound.  ©  is  the  Debye 
temperature  and  Ppjj  is  the  parameter  of  surface  scattering. 
Phonon-phonon  umklapp  scattering  with  x(ro)  =  tq  /  kTco2 
is  the  essential  scattering  mechanism  in  bulk  Bismuth  and 
Antimony  in  the  temperature  range  80-400  K.  The  results 
of  our  theoretical  calculations  are  compared  with 


experimental  results  for  Ajq^d.  G)  of  Bismuth  and 
Antimony  films  in  Figs.  17  and  18.  A  more  extended 
interpretation  is  given  in  /23/. 
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Abstract 

The  demand  to  increase  the  bandwidth  of  very  large  scale 
integrated  curcuits  for  future  applications  in  computer 
and  communication  electronics  has  led  to  device  struc¬ 
ture  dimensions  in  the  sub-micrometer  range.  The  abil¬ 
ity  of  the  device  materials  to  withstand  stress  due  to  the 
growing  electrical  and  thermal  loading  will  be  of  partic¬ 
ular  importance.  The  design  optimization  as  well  as  the 
material  analysis  thus  demand  analytical  tools  with  high 
lateral  resolution,  high  bandwidth  capability,  and  high 
sensitivity.  In  this  paper  we  demonstrate  that  scanning 
probe  microscopy  (SPM)  employing  integrated  probes  is  a 
promising  candidate  for  not  only  imaging  topography  but 
simultaneously  electrical  and  thermal  device  properties. 
For  voltage  contrast  imaging  a  coplanar  waveguide  can¬ 
tilever  was  designed  and  fabricated  to  be  used  in  high  fre¬ 
quency  scanning  electrical  force  microscopy  (HFSEFM). 
Additionaly  it  is  demonstrated  that  an  in  a  tip  of  a  can¬ 
tilever  probe  integrated  Schottky  diode  is  useful  for  ther¬ 
mal  surface  imaging  with  highest  temperature  resolution 
in  scanning  thermal  microscopy  (SThM).  The  batch  fabri¬ 
cation  processes  of  both  probes  will  be  briefly  introduced. 
Fabricated  probes  are  characterized  and  first  results  ob¬ 
tained  with  these  novel  probes  are  presented. 

Introduction 

In  digital  computer  and  analog  communication  electron¬ 
ics  future  applications  of  data  processing  demand  signal 
frequencies  in  the  microwave  range.  Due  to  the  physi¬ 
cal  limits  of  signal  transfer  speed  this  requires  the  device 
structures  to  be  shrunken  to  sub-micrometer  dimensions. 
Nowadays  typical  structure  dimensions  of  very  large  scale 
integrated  digital  circuits  are  about  0. 1-0.25 ^m  and  sig¬ 
nal  frequencies  reach  the  GHz  range  whereas  in  case  of 
monolithic  microwave  integrated  circuits  (MMIC)  in  ana¬ 
log  communication  electronics  frequencies  already  exceed 
some  ten  to  hundred  GHz.  This  development  implies  that 
the  microscopic  properties  of  substrate  and  layer  materi¬ 
als  are  of  crucial  importance  to  withstand  the  increasing 
stress.  Electrical  failure  due  to  break  through  on  a  rather 
microscopic  scale  and  also  -  more  pronounced  -  thermal 
destruction  due  to  the  increase  of  the  dissipation  energy 
inherent  to  shrinking  dimensions  are  the  future  problems 
of  microelectronics. 

In  present  times  a  variety  of  different  analytical  tools  are 
available  for  electrical  (e.g.  voltage  contrast  imaging  via 
optical  sampling  or  electron  beam  testing,  optical  and 
electron  beam  induced  current  (OBIC,  EBIC)  measure¬ 
ments)  and  thermal  (e.g.  infrared  microscopy,  fluorescence 
microscopy,  photothermal  and  photoacoustic  spectroscopy 


etc.)  failure  analysis  in  semiconductor  industries.  How¬ 
ever,  most  of  them  suffer  from  their  limited  spatial  and/or 
frequency  resolution.  This  gets  apparent  defining  10  /zV 
voltage  resolution  with  a  bandwidth  of  better  than  1  THz 
in  case  of  electrical  an  ay  Isis  and  10 /xK  resolution  in  case 
of  thermal  analysis  with  both  1  nm  spatial  resolution  as 
key  parameters  for  future  analytical  tools. 

Scanning  probe  microscopy  (SPM)  was  introduced  to  be 
the  most  promising  tool  to  fulfill  these  requirements.  The 
most  versatile  one  scanning  force  microscopy  (SFM)  was 
introduced  by  Binnig  et  al.  for  high  resolution  topography 
imaging  of  electrical  non-conducting  surfaces  employing 
cantilever  probes  with  an  integrated  sharp  tip  at  is  very 
end  [1].  With  respect  to  electrical  and  thermal  charac- 
erization  two  distinct  SPM  techniques  based  on  SFM  are 
already  available  and  were  proven  to  be  useful:  high  fre¬ 
quency  scanning  electrical  force  microscopy  (HFSEFM) 
and  scanning  thermal  microscopy  (SThM)  [2,  3,  4,  5,  6]. 
Both  methods  have  been  successfully  applied  for  testing 
of  electronic  devices  using  different  techniques  as  well  as 
different  proximal  probes  [2,  7,  8,  9,  10]. 

But  in  almost  any  case  probes  were  single  manufactured 
although  the  base  component  -  the  cantilever  probe  with 
an  integrated  tip  of  high  aspect  ratio  made  of  silicon  or 
silicon  nitride  -  is  commercially  available.  With  very  few 
exceptions,  no  attention  was  focused  on  the  integration 
of  electrical  or  thermal  sensors  on  a  silicon  cantilever  by 
means  of  microsystem  technology.  The  advantages  of  mi¬ 
cromachining  -  high  reproducibility  of  technology  pro¬ 
cesses  and  batch  fabrication  capability  -  have  almost  ex¬ 
clusively  been  used  for  the  manufacturing  of  bare  silicon 
cantilevers. 

In  this  paper  we  describe  the  development  and  batch  fab¬ 
rication  of  novel  monolithic  silicon  probes  with  integrated 
sensors  for  HFSEFM  and  SThM.  The  fabrication  of  these 
probes  is  based  on  almost  identical  technology  processes  to 
simplify  the  combination  of  both  concepts  in  future.  The 
probes  have  been  electrically  and  thermally  characterized 
to  determine  the  voltage  and  temperature  sensitivity. 

In  HFSEFM  an  electrical  conducting  cantilever  and  tip 
is  used  to  investigate  the  voltage  distribution  of  the  de¬ 
vice  under  test  (DUT).  In  the  non-contact  mode  the  can¬ 
tilever  deflection  is  used  to  measure  locally  the  Coulomb 
force  between  the  biased  tip  and  the  operating  device. 
For  measuring  the  voltage  contrast  with  high  detection 
bandwidth  of  some  ten  to  hundred  GHz  the  cantilver  has 
to  be  provided  with  an  integrated  microwave  structure 
to  obtain  a  well  defined  and  sufficiently  high  tip  volt¬ 
age.  Kubalek  et  al.  employed  commercially  available  SFM 
cantilevers  which  were  completely  metal  coated  for  HF- 
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Figure  2:  Microfabrication  of  a  monolithic  force  cantilever 
based  on  (100)  oriented  silicon  wafer.  Steps  of  cantilever  fab¬ 
rication:  a)  lithography  and  etching  process  for  the  definition 
of  the  probe  shape,  b)  KOH  etching  of  a  10-30  thin  mem¬ 
brane,  c)  definition  of  a  circular  oxide  pad  necessary  for  tip 
fabrication,  d)  underetching  the  oxide  pad  allows  to  get  a  very 
sharp  tip  on  top  of  the  silicon  membrane. 


Figure  1:  HFSEFM  beat  response  to  signal  mixing  at  1GHz  as 
a  function  of  the  difference  frequency  Aw. 

SEFM  [2,  11,  12].  In  this  case  the  waveguide  impedance 
of  the  probe  is  not  well  defined  and  thus  precludes  the  pre¬ 
diction  of  the  voltage  at  the  tip.  Nevertheless,  a  measure¬ 
ment  bandwidth  of  up  to  104  GHz  and  a  spatial  resolution 
below  100  nm  have  been  demonstrated.  The  probe  design 
was  altered,  integrating  a  coplanar  wave  guide  structure 
in  the  metal  layer  by  focused  ion  beam  erosion  [13].  Here 
we  describe  the  batch  fabrication  of  HFSEFM  probes  with 
reproducible  mechanical  and  electrical  properties.  The  de¬ 
sign  of  the  waveguide  structure  was  improved  to  adjust  its 
wave  impedance  for  power  matching  over  the  entire  copla¬ 
nar  line. 

In  case  of  SThM  a  silicon  cantilever  probe  was  batch  fab¬ 
ricated  integrating  a  temperature  sensitive  Schottky  diode 
in  the  very  tip.  Earlier  sensor  concepts  employing  ther¬ 
mocouple  probes  suffer  from  the  low  sensitivity  of  less 
than  40-50  /iV/K  [5,  14]  in  comparison  to  the  sensitivity  of 
typically  l-3mV/K  for  almost  any  semiconductor  diode. 
Davies  et  al.  demonstrated  that  Schottky  photodiodes  on 
silicon  tips  can  be  fabricated  by  micromachining  [15].  In 
this  case  the  diode  was  formed  by  an  aluminium/silicon 
Schottky  contact  on  a  pyramidal  tip  which  was  placed  on 
a  plane  silicon  substrate  without  having  a  cantilever  struc¬ 
tured.  Danzebrink  et  al.  fabricated  a  Schottky  diode  can¬ 
tilever  by  evaporating  aluminium  on  a  commercial  silicon 
cantilever  [16].  The  Schottky  diode  was  formed  by  the  en¬ 
tire  cantilever  structure  and  thus  was  not  restricted  to  the 
silicon  tip.  Akamine  et  al.  integrated  a  planar  p/n  junc¬ 
tion  in  the  very  end  of  a  silicon  cantilever  without  having 
any  kind  of  tip  [17].  We  present  a  technological  process 
for  the  micromachined  fabrication  of  complete  Schottky 
diode  cantilevers.  The  diodes  have  been  integrated  on  the 
tips  of  the  silicon  cantilevers  and  consist  of  a  miniaturized 
titanium/silicon  contact. 

High  frequency  scanning  electrical  force  mi¬ 
croscopy 

Working  principle  of  HFSEFM 


In  HFSEFM  electrical  conducting  probes  are  utilized  to 
measure  the  potential  distribution  of  integrated  circuits 
in  the  non-contact  mode.  Conventional  probes  consist 
of  completely  metallized  cantilevers  where  the  tip  is  bi¬ 
ased  with  an  external  voltage  Up(t).  Assuming  a  time 
dependant  signal  Us(t)  on  the  operating  device,  the  can¬ 
tilever  deflects  mechanically  due  to  the  local  Coulomb 
force  F(Usp)  between  tip  and  sample  which  is  propor¬ 
tional  to  the  square  of  the  voltage  difference  [13]: 

F(USP)  ~  (Up  ( t )  -  US  (■ t ))2  (1) 

Detection  of  the  cantilever  deflection  is  performed  with 
a  conventional  laser  beam  deflection  technique.  Scanning 
the  probe  above  the  device  surface  in  constant  height  al¬ 
lows  to  image  the  potential  distribution.  A  detailed  de¬ 
scription  of  the  experimental  set-up  is  given  elsewhere  [18] . 

The  limited  bandwidth  of  the  mechanical  response  char¬ 
acteristic  of  the  HFSEFM  cantilever  precludes  the  inves¬ 
tigation  of  potential  distributions  in  the  high  frequency 
range,  e.g.  the  microwave  range.  Taking  advantage  of 
the  non  linear  electrical  force  dependence  in  accordance 
with  Eq.  1  allows  to  circumvent  this  restriction  introduc¬ 
ing  a  heterodyne  technique.  The  tip  and  the  device  un¬ 
der  test  (DUT)  are  biased  with  sine  wave  signals  of  fre¬ 
quency  top  and  cos  respectively.  The  difference  frequency 
A uj  —  to p  —  (Js  is  adjusted  to  be  below  the  mechanical 
resonance  frequency  of  the  cantilever.  Thus  the  high  fre¬ 
quency  signal  of  the  DUT  is  down  converted  to  the  differ¬ 
ence  frequency  Ac o  which  can  easily  be  detected  measuring 
the  cantilever  deflection.  Figure  1  shows  the  mechanical 
response  of  a  metal  coated  cantilever  applying  sinusoidal 
signals  of  1  GHz  and  1  GHz- A /  sweeping  the  difference 
frequency  A/.  A  strong  broading  of  the  resonance  peak 
occurs  due  to  the  electrostatic  damping  of  the  cantilever 
oszillation  amplitude  which  reduces  the  quality  factor  of 
the  cantilever  dramatically  as  expected  from  theory  [19]. 
A  quantitative  determination  of  the  sample  potential  am¬ 
plitude  Us{<-ds)  of  the  DUT  requires  the  knowledge  of  the 
tip  voltage  Up(u>p)  as  is  apparent  from  Eq.  1.  To  achieve 
a  sufficient  signal  to  noise  ratio  in  particular  for  high  fre- 
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Figure  3:  SEM  image  of  an  anisotropic  etched  silicon  tip. 


Figure  4:  SEM  image  of  the  side  view  of  the  membrane  includ¬ 
ing  the  tip. 

quencies  demands  the  integration  of  a  wave  guide  struc¬ 
ture  on  the  cantilever  with  an  impedance  matched  to  that 
of  the  external  syntheziser.  In  the  following  the  batch  fab¬ 
rication  process  of  novel  coplanar  wave  guide  cantilevers 
for  HFSEFM  is  described  in  detail. 

Fabrication  of  coplanar  waveguide  probes  for  HF¬ 
SEFM 

Probes  were  fabricated  in  a  batch  process  from  boron 
doped  (100)  oriented  silicon  wafers.  The  technological 
processes  necessary  for  the  fabrication  of  the  base  element 
of  both  HFSEFM  and  SThM  probes  -  the  cantilever  with 
the  integrated  tip  -  are  sketched  in  Fig  2.  After  ther¬ 
mal  oxidation  of  a  silicon  wafer  the  bottom  oxide  layer  is 
structured  via  optical  lithography  and  subsequently  etch¬ 
ing  with  BHF  in  step  a)  to  open  windows  for  the  defini¬ 
tion  of  the  holder  and  cantilever  membrane.  In  stpe  b)  the 


Figure  5:  Microfabrication  process  of  combined  HF- 

SEFM/SFM  probes:  a)  metal  coating  of  the  oxidized  silicon 
membrane  of  Fig.  2  d)  with  a  thin  aluminium  layer,  b)  top 
view  of  the  coplanar  wave  guide  structure  etched  in  the  metal 
layer  on  top  of  the  silicon  membrane,  c)  probes  are  released  by 
reactive  ion  etching  (RIE),  d)  top  view  of  the  complete  HF- 
SEFM/SFM  cantilever. 


Figure  6:  SEM  image  of  the  top  view  of  the  coplanar  wave 
guide  structure. 

exposed  silicon  is  etched  in  an  aquaeous  solution  of  potas¬ 
sium  hydroxide  (40wt%,  60  °C)  until  a  30  ^m  membrane 
as  well  as  the  holder  is  left.  On  the  unprocessed  wafer 
side  an  oxide  pad  is  defined  utilizing  a  second  lithogra¬ 
phy  and  BHF  etching  step.  Anisotropic  underetching  of 
this  pad  originates  in  a  sharp  silicon  tip  with  high  aspect 
ratio  (step  d)).  The  height  of  the  tip  depends  on  the  etch¬ 
ing  time  as  well  as  on  the  size  of  the  oxide  pad.  Before 
proceeding  with  the  integration  of  the  specific  sensor  the 
wafer  is  thermally  oxidized  for  a  second  time.  The  oxide 
layer  is  used  as  mask  material  for  the  definition  of  the 
cantilever  as  well  as  for  electrically  insulating  it.  Figure 
3  shows  a  SEM  image  of  a  typical  anisotropically  etched 
silicon  tip  whereas  Fig.  4  gives  a  side  view  of  the  ca.  6^m 
thick  membrane  including  the  tip. 

For  the  integration  of  the  coplanar  wave  guide  necessary 
for  biasing  the  tip  in  HFSEFM  the  specific  processes  de¬ 
picted  in  Fig.  5  are  necessary.  In  step  a)  the  cantilever 
is  completely  metallized  with  a  0.5 /im  thick  layer  of  alu- 
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Figure  7:  Power  coupling  coefficient  S12  (port  1:  bond  pad, 
port  2:  cantilever)  as  a  function  of  the  frequency  (200  MHz  - 
40.2  GHz)  for  a  HFSEFM  probe  with  an  integrated  coplanar 
waveguide:  a)  amplitude  (£12)  and  h)  phase  (S12). 


Figure  8:  Microfabrication  process  of  SThM/SFM  probes:  a) 
fabrication  of  an  ohmic  contact  on  back  of  the  silicon  mem¬ 
brane  (see  Fig.  2  d))  depositing  a  thin  aluminium  layer,  b) 
the  bare  silicon  tip  is  obtained  removing  the  oxide  layer  at 
the  tip  apex,  c)  fabrication  of  a  miniaturized  Schottky  contact 
at  the  silicon  tip  by  deposition  of  a  thin  titanium  layer  and 
subsequent  thermal  annealing,  d)  Schottky  diode  probes  are 
released  by  reactive  ion  etching  (RIE). 


minium  to  minimize  conduction  losses.  The  coplanar  wave 
guide  structure  is  transferred  in  a  photo  resist  layer  via 
optical  lithography  where  the  center  electrode  is  care¬ 
fully  aligned  to  overlap  with  the  sharp  silicon  tip.  Sub¬ 
sequently  the  exposed  aluminium  is  removed  with  a  stan¬ 
dard  aluminium  etchant  to  obtain  the  signal  electrode  in¬ 
sulated  from  the  ground  electrode.  In  the  last  step  an¬ 
other  lithograpyh  process  is  used  to  define  the  cantilever 
geometry.  Cantilevers  are  released  etching  first  the  alu¬ 
minium  layer  wet  chemically  and  furthermore  the  silicon 
oxide  and  silicon  layer  via  reactive  ion  etching.  The  re¬ 
maining  cantilever  is  700  fiui  long,  200  fi m  wide  and  about 
3-8  fim  thick. 

Figure  6  shows  a  SEM  image  of  the  HFSEFM  cantilever 
before  releasing.  From  left  to  right  the  contact  pad,  the 
wave  guide  on  the  substrate  as  well  as  on  the  cantilever 
can  be  seen.  The  center  electrode  is  separated  by  a  slot 
from  the  ground  electrode  to  either  sides.  The  dimension 
of  the  contact  pad  was  chosen  large  enough  to  facilitate 
wire  bonding  as  well  as  to  accomodate  on- wafer  microwave 
prober.  The  pad  was  tapered  to  match  its  wave  impedance 
to  that  of  the  coplanar  line.  At  the  interface  between 
holder  and  cantilever  a  second  tapering  of  the  coplanar 
line  is  necessary  owing  to  their  different  substrate  thick¬ 
ness.  Due  to  the  open  end  termination  of  the  line  a  max¬ 
imum  voltage  amplitude  is  obtained  at  the  tip. 

Characterization  of  HFSEFM  probes 
First  of  all  the  microstructured  HFSEFM  cantilevers  were 
mechanically  characterized.  The  resonance  frequency  of 
the  cantilever  was  determined  to  be  15.5  kHz  (quality  fac¬ 
tor  126)  which  is  in  good  agreement  with  the  theoretical 
value  of  15.9kHz  if  the  above  cantilever  geometry  is  as¬ 
sumed. 

For  the  electrical  characterization  of  the  probes  the  wave 
guide  properties  of  the  coplanar  line  were  investigated.  To 
diminish  the  influence  of  parasitic  inductances  or  capac¬ 
itances  and  additionally  improve  the  measurement  accu¬ 
racy  the  coplanar  line  was  directly  connected  to  the  con¬ 


tact  pad  with  a  network  analyzer  (HP8510)  via  a  stan¬ 
dard  RF-probe  (Cascade  wph  GSG).  For  our  application 
it  is  important  to  determine  the  tip  voltage  Up(t)  if  the 
coplanar  probe  is  biased  with  an  external  microwave  sig¬ 
nal.  The  transmission  coefficient  given  by  the  scattering 
coefficient  Si  2  was  determined  in  a  linear  frequency  sweep 
from  200  MHz  up  to  40.2  GHz  by  connecting  a  second  RF- 
probe  with  the  very  end  of  the  coplanar  wave  guide  on 
the  cantilever.  In  case  of  a  lossless  coplanar  line  a  linear 
phase  dependence  as  well  as  a  constant  amplitude  is  ex¬ 
pected.  Figure  7  shows  the  amplitude  and  phase  of  S12.  R 
is  apparent  that  the  phase  varies  linearly  with  frequency 
which  is  in  correspondence  to  the  ideal  line.  Additionally 
the  amplitude  decreases  only  slightly,  which  is  expected 
for  a  low- loss  coplanar  wave  guide.  To  reduce  losses  fur¬ 
thermore  the  substrate  material  has  to  be  insulating  which 
was  demonstrated  to  work  in  case  of  semi-insulating  GaAs 
HFSEFM  probes  elsewhere  [20,  21]. 

Preliminary  Results 

For  the  sake  of  simplicity  in  first  experiments  the  volt¬ 
age  distribution  of  metall  lines  on  an  insulating  substrate 
were  investigated.  The  sample  imaged  with  the  HFSEFM 
system  was  a  800  nm  wide  and  200  nm  thick  gold  line  on 
top  of  a  silicon  dioxide  substrate.  Both  topography  and 
voltage  contrast  images  of  this  sample  are  shown  in  Fig.  9, 
with  an  applied  sinusoidal  signal  of  8dBm  at  1  GHz  at  the 
device  and  a  sinusoidal  signal  of  8  dBm  at  1  GHZ+20  kHz 
at  the  tip.  Measurements  were  performed  in  the  lift  mode 
(Nanoscope  III,  Digital  Instruments)  keeping  a  constant 
distance  of  about  50  nm  between  tip  and  sample.  The 
maximum  voltage  signal  in  this  image  is  about  3  V .  Tak¬ 
ing  a  lock-in  amplifier  sensitivity  of  200  mV  and  a  photo¬ 
diode  sensitivity  of  approximately  33mV/nm  into  account 
this  results  in  a  deflection  amplitude  of  the  cantilever  of 
1.5  nm,  which  is  much  larger  than  the  thermal  noise  of 
the  vibrating  cantilever.  This  first  result  underlines  the 
suitability  of  the  concept  and  the  resolution  capabilities 
of  HFSEFM. 
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Figure  9:  Topography  (top),  and  voltage  contrast  (bottom),  of 
a  single  gold  line. 


the  reverse  bias  current  has  to  be  performed. 
Fabrication  of  Schottky  diode  probes  for  SThM 
For  the  SThM  probe  the  basic  technological  steps  are 
shown  in  Fig.  8.  A  more  detailed  description  of  the  fab¬ 
rication  process  is  given  elsewhere  [23].  In  the  first  step 
an  ohmic  contact  is  produced  on  the  backside  of  the  can¬ 
tilever.  For  this  purpose  the  oxide  is  removed  on  the  same 
side  and  a  thin  aluminium  layer  is  deposited.  The  wafer 
is  then  sintered  at  580  °C  for  20  min  to  produce  the  ohmic 
contact  between  the  silicon  and  the  aluminium  (step  a)). 
In  the  next  step  the  Schottky  diode  is  constructed  on  the 
silicon  tip.  To  restrict  the  diode  to  the  very  tip  photore¬ 
sist  is  spun  on  leaving  the  tip  apex  uncovered  [15].  The 
latter  is  opened  by  wet  chemical  etching  in  buffered  HF  to 


Scanning  thermal  microscopy 

Working  principle  of  SThM 

With  the  SThM  the  surface  temperature  is  mapped  in¬ 
stead  of  the  voltage.  In  this  case  it  is  more  advantageous 
to  perform  imaging  in  the  contact  mode  rather  than  in 
the  non-contact  mode  to  improve  the  lateral  resolution 
and  the  measurement  accuracy.  Scanning  the  thermal 
probe  over  the  device  the  heat  transfer  mechanism  is  dom¬ 
inated  by  the  heat  conduction  between  the  sample  and  the 
tip  [22]. 

Furthermore,  if  the  temperature  sensitive  area  is  minia¬ 
turized  and  is  placed  at  the  very  tip  of  the  thermal  probe, 
heat  losses  are  diminshed  and  the  detected  temperature 
corresponds  in  a  good  approximation  to  the  actual  local 
device  temperature.  We  suggest  near-field  temperature 
mapping  by  a  Schottky  diode  probe.  To  fulfill  the  require¬ 
ment  of  local  temperature  detection,  the  Schottky  contact 
was  embedded  in  the  probe  tip  and  the  contact  size  was 
decreased.  From  the  temperature  dependence  of  the  DC 
I-V  curve  of  the  diode  two  measurement  modes  can  be 
established  for  the  probe  operation  in  the  SThM.  When 
the  diode  is  forward  biased  with  a  constant  current,  the 
voltage  shift  of  the  diode  is  measured.  In  case  the  diode 
is  reversed  biased  with  constant  voltage,  measurement  of 


Figure  10:  SEM  image  of  a  silicon  tip  with  opened  oxide 
layer  at  the  tip  apex. 


Figure  11:  SEM  image  of  the  micro-structured  Schottky 
diode  cantilever. 
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Figure  12:  I-V  curve  of  the  Schottky  diode  cantilever  for  six 
different  temperatures  starting  with  300  K  and  increasing  by 
20  K  steps. 

obtain  bare  silicon  at  the  tip  apex  (step  b)).  Subsequently 
a  titanium  layer  is  deposited  on  the  entire  structure,  orig¬ 
inating  a  Schottky  diode  at  the  very  end  of  the  tip  (step 
c)).  In  the  last  lithographic  step  the  cantilever  is  defined. 
The  exposed  titanium  is  removed  by  wet  chemical  etching 
in  buffered  HF  (step  d)).  As  was  already  mentioned  in 
case  of  the  HFSEFM  probe  the  exposed  SiC>2  layer  as  well 
as  the  silicon  was  etched  through  by  reactive  ion  etching 
to  free  cantilevers.  The  dimension  of  the  STHM  cantilever 
are  identical  with  those  of  the  HFSEFM  probe. 

Figure  10  shows  a  SEM  image  of  an  opened  tip.  The 
opening  in  the  oxide  is  approximately  1  pm  and  the  tip 
radius  is  less  than  50  nm.  In  Fig.  11  an  SEM  image  of 
the  micro-structered  Schottky  diode  cantilever  is  depicted 
where  the  cantilever  thickness  is  approximately  5//m. 
Characterization  of  SThM  probes 
The  mechanical,  electrical,  and  thermal  properties  of  SThM 
probes  have  been  characterized.  Due  to  the  same  probe 
geometry  the  mechanical  cantilever  properties  resemble 
that  of  HFSEFM  probes  already  discussed  above.  The 
resonance  frequency  was  determined  to  be  typically  in  the 
range  of  14-18  kHz  with  a  quality  factor  of  about  120-140. 
For  the  electrical  characterization  of  the  Schottky  diode 
integrated  in  the  tip  I-V  measurements  were  performed 
at  varying  temperature.  Figure  12  shows  the  latter  for 
discrete  temperatures  between  300  K  and  400  K.  As  ex¬ 
pected  from  theory  the  curves  shift  to  smaller  voltages 
in  the  forward  bias  range  when  temperature  is  increased. 
The  shift  was  found  to  be  approximately  3mV/K  which 
corresponds  to  the  theoretical  value  [24].  The  high  sen¬ 
sitivity  enables  the  probes  to  be  used  in  SThM.  In  the 
reverse  bias  range  the  reverse  current  is  nearly  indepen¬ 
dent  of  the  applied  voltage  for  room  temperature  but  rises 
strongly  when  the  probe  is  heated.  For  the  probes  inves¬ 
tigated  quality  factors  of  1.7-2. 5  were  determined.  The 
barrier  height  varried  between  0.7 eV  and  0.8  eV,  which 
is  slightly  higher  than  stated  in  literature  [24,  25].  This 


might  be  due  to  the  influence  of  the  surface  pretreatment 
before  titanium  deposition. 

Summary 

For  the  electrical  and  thermal  characterization  of  surfaces 
with  scanning  probe  microscopy  techniques  novel  proximal 
probes  based  on  the  scanning  force  microscopy  (SFM)  can¬ 
tilever  concept  were  introduced.  A  coplanar  wave  guide 
structure  was  integrated  on  an  insulating  cantilever  to  bias 
the  tip.  These  probes  were  used  to  investigate  the  volt¬ 
age  contrast  distribution  of  electronic  devices  utilizing  a 
heterodyne  technique.  First  results  of  the  investigation 
of  metal  lines  on  an  insulating  substrate  were  discussed. 
Furthermore  a  miniaturized  diode  probe  integrated  in  a 
cantilever  tip  was  presented.  The  temperature  sensitivity 
of  up  to  3mV/K  underlines  already  the  suitability  of  the 
probe  for  SThM  when  compared  to  conventional  thermo¬ 
couple  probes  with  a  sensitivity  of  less  than  40-50  fiV /K. 
Although  not  discussed  in  this  paper  there  are  a  variety 
of  other  microscopy  techniques  where  the  diode  concept 
is  of  value;  e.g.  as  miniaturized  photo  detector  in  scan¬ 
ning  near-field  microscopy  (SNOM),  as  non-linear  electri¬ 
cal  mixer  in  HFSEFM,  etc.  The  fabrication  process  of 
both  probes  relies  on  batch  processes  to  obtain  cantilever 
with  reproducible  properties.  The  combination  of  both 
concepts  was  taken  into  account  adapting  the  technolog¬ 
ical  processes  in  a  way  which  makes  the  fabrication  of  a 
single  probe  for  both  HFSEFM  and  SThM  feasible. 
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Abstract 

This  work  discusses  two  techniques  for  thermophysical 
property  characterization:  scanning  laser  thermoelectric 
microscope  (SLTM)  and  scanning  thermal  microscope 
(SThM).  The  SLTM  can  be  used  to  measure  thermal 
diffusivity  of  thin  films  as  well  as  bulk  materials.  In  SLTM,  a 
modulated  laser  beam  is  focused  through  a  transparent 
substrate  onto  the  film-substrate  interface.  The  generated 
thermal  wave  is  detected  using  a  fast  responding  thermocouple 
formed  between  the  sample  surface  and  the  tip  of  a  sharp 
probe.  By  scanning  the  laser  beam  around  the  thermocouple, 
the  amplitude  and  phase  distributions  of  the  thermal  wave  are 
obtained  with  micrometer  resolution.  Thermal  diffusivity  of 
the  film  is  determined  by  fitting  the  obtained  phase  signal 
with  a  three  dimensional  heat  conduction  model.  The  SThM 
technique  is  based  on  measuring  the  temperature  variations  of 
a  laser  heated  nanoscale  temperature  sensor  when  the  sensor  is 
scanned  over  the  sample  surface.  The  temperature  sensor  is  a 
thermistor  film  deposited  onto  the  tip  of  an  atomic  force 
microscope  cantilever.  Although  the  SThM  shows  a  high 
spatial  resolution,  the  thermal  image  is  strongly  coupled  to 
topographical  variations. 

Introduction 

Thermophysical  properties  are  the  most  difficult 
parameters  to  characterize  in  the  evaluation  of  thermoelectric 
materials.  The  recent  interest  in  low-dimensional 
thermoelectric  structures  [1]  makes  these  characterizations  even 
more  challenging.  A  complete  physical  understanding  of 
transport  mechanisms  in  low-dimensional  structures  calls  for 
measurements  at  both  macroscopic  and  microscopic  scales. 

At  the  macroscopic  scale,  thermophysical  property 
characterization  is  more  difficult  for  thin  films  than  for  bulk 
materials  [2-5].  Heat  conduction  in  thin  films  is  often 
anisotropic  and  thermophysical  properties  are  different  in  the 
in-plane  and  cross-plane  direction.  One  major  difficulty  is 
determining  the  in-plane  thermophysical  properties  of  thin 
films  because  in  this  case  most  heat  is  conducted  through  the 
substrate  rather  then  through  the  film.  Two  possible  ways  to 
overcome  this  problem  are  substrate  removal  or  obtaining  the 
two  dimensional  temperature  distribution  generated  around  a 
microscale  heat  source.  The  substrate  removal  [6-7]  is  usually 
done  by  selective  chemical  etching  but  is  limited  only  to  film- 
on-substrate  systems  for  which  there  are  selective  etchants.  In 
the  other  approach  a  microscale  heat  source  is  created  into  the 
film  [8-10]  and  from  the  spread  of  the  heat  source,  it  may  be 
possible  to  obtain  anisotropic  thermophysical  properties  of  the 
thin  film  and/or  the  bulk  material. 

Macroscopic  thermophysical  properties  characterization 
often  provides  the  effective  thermophysical  properties  of  a 


whole  structure  such  as  the  thermal  conductivity  of 
superlattices.  From  these  measurements  models  can  be 
developed  to  assist  the  understanding  of  transport  processes 
[11-12].  More  physical  understanding  of  the  transport 
mechanisms  at  the  nanometer  scale  could  be  realized  if  local 
thermophysical  property  can  be  measured.  One  possible 
technique  that  can  enable  this  measurement  is  the  scanning 
thermal  microscope  (SThM)  [13-17].  In  this  technique  a 
temperature  probe  is  scanned  in  contact  or  at  a  constant 
distance  over  the  sample  surface  and  the  temperature  of  the 
sensor  is  recorded.  The  spatial  resolution  of  the  temperature 
measurement  is  related  to  the  dimensions  of  the  temperature 
sensor  and  also  to  the  probe-sample  thermal  interaction. 
Because  the  heat  transfer  parameters  between  the  probe  and  the 
sample  surface  are  unknown,  the  SThM  is  useful  mainly  for 
qualitative  measurements  and  contrast  imaging. 

This  work  discusses  two  techniques  that  can  be  used  for 
thermophysical  property  characterization.  At  the  macroscopic 
scale,  a  scanning  laser  thermoelectric  microscope  (SLTM)  is 
used  for  determining  the  anisotropic  thermophysical  properties 
of  thin  films  for  film-on-substrate  systems  without  the 
removal  of  the  substrate.  At  the  microscopic  scale,  an  SThM 
based  on  atomic  force  microscopy  (AFM)  is  employed  for 
local  thermophysical  property  characterization. 

The  SLTM  employs  modulated  laser  radiation  to  generate 
a  thermal  wave  in  the  sample,  and  scans  the  focused  laser 
beam  over  the  area  of  interest.  The  laser  wavelength  is  tuned 
to  a  range  where  the  substrate  is  transparent  such  that  the  laser 
beam  penetrates  the  substrate  and  acts  as  a  micrometer  scale 
heat  source  in  the  film.  The  detection  is  done  using  a  fast 
thermoelectric  effect  created  by  direct  contact  between  the 
metallically  covered  surface  of  the  sample  and  the  sharp  tip  of 
an  electrochemically  etched  wire.  Thermophysical  properties  of 
the  film  or  the  substrate  material  can  be  determined  from  the 
amplitude  and/or  the  phase  of  the  thermoelectric  voltage 
signal. 

The  presented  SThM  is  based  on  the  AFM  setup.  A 
temperature  sensor  is  deposited  onto  the  cantilever  tip.  The 
feedback  laser  used  for  monitoring  the  cantilever  deflection 
also  acts  as  a  heat  source  due  to  its  partial  absorption  onto  the 
cantilever.  When  the  tip  is  scanned  in  contact  to  the  sample 
surface,  the  temperature  of  the  sensor  varies  as  a  function  of 
the  local  thermal  properties  of  the  sample  and  tip-surface 
interaction.  Simultaneous  topographical  and  thermal  images 
are  obtained.  This  setup  allows  imaging  for  both  electrically 
conductive  and  insulating  samples.  Experimental  results  are 
presented  for  the  cross-section  of  a  700A/700A  AlGaAs 
superlattice  structure.  Although  the  SThM  shows  a  high 
spatial  resolution,  the  thermal  image  is  strongly  influenced  by 
topographical  variations. 
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Fig.l.  Scanning  Laser  Thermoelectric  Microscope. 

Scanning  Laser  Thermoelectric  Microscope(SLTM) 

The  method  is  designed  to  measure  thermophysical 
properties  of  films  on  a  substrate  or  bulk  materials.  A  focused 
laser  beam  is  scanned  through  the  transparent  substrate  over 
the  film-substrate  interface  in  order  to  produce  thermal  waves 
that  are  detected  using  a  fine  thermocouple  formed  between  the 
sample  and  the  probe.  Thermophysical  properties  can  be 
determined  from  the  amplitude  and  phase  profiles  of  the  data. 

Our  current  experimental  setup  is  shown  in  Fig.l.  An 
argon  laser  is  used  to  pump  a  tunable  Ti-Sapphire  laser  that 
may  output  laser  radiation  with  a  wavelength  between  700-900 
nm.  The  modulated  radiation  is  coupled  into  a  single  mode 
optical  fiber.  The  optical  system  used  to  focused  the  laser 
radiation  is  assembled  onto  a  base  plate,  which  is  placed  onto 
a  x-y  scanner  (in  our  case,  it  is  fitted  into  the  scanner  of  an 
AFM).  A  specially  designed  holder  is  used  to  maintain  the 
sample  at  an  adjustable  distance  above  the  scanning  laser  such 
that  the  laser  beam  diameter  at  the  film- substrate  interface  can 
be  varied.  The  top  surface  is  a  conducting  element  that  absorbs 
the  laser  radiation  and  also  forms  one  leg  of  the  thermocouple. 
The  other  leg  of  the  thermocouple  is  formed  by  a  fine  wire 
contacting  the  surface.  The  thermocouple  junction  formed 
between  the  film  and  the  wire  has  virtually  no  mass  and  is 
thus  expected  to  be  fast  responding. 

An  experiment  is  conducted  with  a  150nm  gold  film 
evaporated  on  the  top  surface  of  a  glass  slide.  The  probe  used 
to  detect  the  thermal  wave  is  a  sharp  K-type  thermocouple 
wire  obtained  through  electrochemical  etching  in  a  solution  of 
sulfuric  acid.  The  tip  is  brought  into  contact  with  the  gold 


Fig.2  Distribution  of  phase  of  the  thermal  signal. 


Fig.3  Fitting  of  phase  and  amplitude  of  the  experimental 
signal  of  a  gold-on-glass  sample  with  a  film  diffusivity  of 
0.96cm2s'\  modulation  frequency  at  3200Hz. 

film.  The  ac  components  of  the  amplitude  and  the  phase  of  the 
thermoelectric  voltage  developed  at  the  tip-surface  junction  are 
picked-up  by  a  lock-in  amplifier. 

Figure  2  shows  the  distribution  of  the  phase  of  the 
experimental  thermal  signal.  Based  on  a  3-dimensional  heat 
conduction  model,  a  fitting  scheme  is  employed  to  determine 
the  thermal  diffusivity  of  the  thin  film  [8].  Figure  3  shows  the 
phase  and  the  amplitude  fits  of  the  experimental  signals  for  the 
gold  film  with  a  thermal  diffusivity  value  of  0.96  cm2  s'1. 

Scanning  Thermal  Microscope  (SThM) 

The  purpose  of  the  method  is  to  image  thermophysical 
properties  variations  at  the  nanometer  scale.  The  experimental 
setup  is  a  Digital  Instruments  Multimode  Scanning  Probe 
Microscope.  The  microscope  is  design  to  image 
simultaneously  the  topography  and  the  temperature  variations 
on  the  sample  surface.  The  temperature  measurement  is 
performed  by  a  thin  film  thermistor  deposited  onto  the 
cantilever  tip. 

The  experimental  setup  is  shown  in  Fig.  4.  Topography 
imaging  is  done  by  a  classic  AFM  setup.  A  laser  beam  is 
employed  to  probe  the  cantilever  deflection  that  occurs  when 
the  tip  is  scanned  over  the  sample  surface.  However,  some  of 
the  incident  laser  radiation  is  absorbed  onto  the  cantilever, 
generating  a  steady  heat  source.  As  a  result  of  the  laser 
absorption  the  overall  temperature  of  the  cantilever  system 
increases.  If  the  cantilever  system  is  brought  into  the 
proximity  of  the  sample  surface,  the  tip  temperature  will 
change  due  to  the  heat  exchange  with  the  surface.  The  new  tip 
temperature  is  dependent  on  the  local  thermal  conductivity  and 
tip-surface  thermal  conductance.  If  the  tip-sample  thermal 
conductance  is  constant  during  scanning  it  is  possible  to 
image  the  relative  contrast  in  the  local  thermophysical 
properties  since  variations  in  the  tip  temperature  are 
proportional  to  thermal  conductivity  variations.  The 
temperature  dependent  resistance  variations  of  the  thermistor 
are  monitored  by  a  Whetstone  bridge  setup. 

Figure  5(a)  shows  the  topography  and  Fig.  5(b)  the 
thermal  signal  at  the  same  location  obtained  for  a  700 A/7 00 A 
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V  Bridge 


Fig.  4  Scanning  Thermal  Microscope. 

GaAs/AlAs  periodic  structure  deposited  onto  a  GaAs  substrate. 
The  imaging  is  obtained  by  scanning  over  the  cross-section  of 
a  freshly  cleaved  sample.  Immediately  after  the  cleavage,  being 
exposed  to  air,  the  AlAs  and  GaAs  layers  oxidize  at  different 
rate.  This  behavior  enables  the  layer  identification  since  the 
AlAs  layers  have  now  higher  topography  and  are  shown  in 
bright  colors  in  the  topography  image  [Fig.  5(a)].  The  contrast 
is  reversed  in  the  thermal  image  [Fig.  5(b)],  higher 
temperatures  being  shown  in  dark  colors.  The  spatial 
resolution  of  the  temperature  sensor  seems  to  be  very  close  to 
the  spatial  resolution  of  a  regular  AFM  probe  since  both 
images  shown  common  features  having  almost  the  same 
dimensions. 

In  order  to  see  more  clearly  the  correlation  between  the 
sample  topography  and  the  temperature  signal,  Fig.  6  shows  a 
plot  of  the  temperature  and  height  signals  along  the  same  scan 
line.  The  temperature  is  constant  when  the  probe  is  scanned 
over  the  GaAs  substrate  but  decreases  when  approaches  the 
lattice  side.  Over  the  GaAs  layers  the  temperature  is  smaller 
than  over  the  GaAs  substrate.  The  largest  temperatures  are 
recorded  over  the  AlAs  layers.  The  temperature  variations  are 
not  consistent  with  the  variations  in  the  thermophysical 
properties  of  superlattices  [11]  since  the  highest  temperatures 
are  expected  to  occur  over  the  GaAs  layers,  which  have  the 
lowest  thermal  conductivity  on  this  sample.  A  more  complex 


tip-sample  thermal  interaction  has  to  be  assumed  in  order  to 
explain  these  results. 

One  possible  explanation  is  based  on  the  influence  that 
the  sample  topography  may  have  on  the  heat  transfer  between 
probe  and  surface.  In  a  simple  model  it  can  be  considered  that 
the  tip  and  sample  surface  thermally  interact  through  direct 
heat  conduction  and  air  conduction.  Both  heat  transfer 
mechanisms  may  have  a  large  effect  in  determining  the  tip 
temperature.  The  direct  heat  conduction  contact  region  is  veiy 
small  since  the  tip  radius  is  usually  around  10-50  nm. 
However  a  nm  scale  liquid  layer  usually  found  over  samples 
surface  can  increase  this  effective  area  [16].  Local  contact  area 
variations  depend  on  various  factors  including  the  probe 
geometry,  sample  topography,  hardness  variations, 
temperature,  adhesion  forces  between  the  liquid  layer  and  tip 
and  sample  surfaces.  These  variations  can  strongly  affect  the 
sensor  temperature  and  can  explain  the  temperature  spikes 
when  the  tip  is  scanned  over  a  hill  or  a  surface  impurity.  In 
addition  to  direct  heat  conduction  through  the  contact,  the  tip 
temperature  is  also  influenced  by  the  thermal  interaction 
between  the  cantilever  and  the  sample  through  air  or  radiation. 
During  scanning  the  contact  area  and  also  the  air  gap  and  the 
air-conduction  affected  areas  are  not  constant.  When  the  probe 
approaches  a  topographical  feature  the  lateral  heat  conduction 
can  occur.  The  magnitude  of  the  heat  flux  exchanged  through 
the  air  is  strongly  dependent  on  the  air  gap  between  the  two 
surfaces.  This  mechanism  can  explain  the  temperature  drops 
that  occur  when  the  probe  is  scanning  through  a  “valley”  . 

In  order  to  obtain  thermophysical  property 
characterization  at  nanometer  scale  the  influence  of  the  above 
discussed  factors  in  establishing  the  tip  temperature  must  be 
minimized.  One  possible  way  to  reduce  the  air  conduction 
influence  is  to  conduct  the  experiment  in  vacuum. 
Furthermore,  using  modulation  techniques  may  reduce  the 
influence  of  the  above  parameters  on  the  phase  signal. 

Conclusions 

Two  scanning  techniques,  the  SLTM  and  SThM,  are 
employed  for  thermophysical  property  characterization  at 
macroscopic  and  microscopic  scales.  A  SLTM  is  developed  for 
thin  film  thermophysical  properties  characterization  at 


Fig. 5  Imaging  of  (a)  topography  and  (b)  thermal  signal  for  a  700A/700A  GaAs/AlAs  lattice  structure. 
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Fig.6  Height  (up)  and  temperature  signal  (down)  obtained 
along  a  single  scan  line  over  a  AlGaAs  superlattice. 

micrometer  scale  without  the  removal  of  the  substrate. 
Thermophysical  properties  of  the  film  can  be  obtained  from 
the  amplitude  or  the  phase  images.  Experimental  results  are 
presented  for  a  150nm  gold  film  deposited  onto  a  glass 
substrate.  In  a  different  setup,  a  SThM  based  on  a  thermistor 
deposited  at  the  tip  of  an  AFM  cantilever  is  used  for  local 
thermal  conductivity  imaging.  Experimental  results  lead  to  the 
conclusion  that  when  the  sensor  dimensions  and  the  surface 
topography  approach  the  same  dimensional  scale,  the  heat 
transfer  between  the  sensor  and  the  sample  becomes  more 
complex  and  the  sensor  temperature  is  strongly  influenced  by 
the  local  topography  of  the  sample.  However,  by  employing  a 
modulated  technique  and  conducting  the  experiment  under 
vacuum  it  may  be  possible  to  image  the  local  thermal 
diffusivity  of  the  sample. 
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Abstract 

Dynamic  measurement  techniques  such  as  ac  resistivity 
and  the  Cahill  3-co  [1]  thermal  conductivity  method  induce 
periodic  currents  in  materials.  In  thermoelectric  materials  the 
coupling  between  electrical  and  thermal  effects  means  the 
normal  mode  excitations  are  generally  attenuated  waves  of 
mixed  electrical/thermal  character.  Since  ZT  is  one  measure 
of  the  coupling  between  the  electrical  and  thermal  effects  it  is 
perhaps  not  surprising  that  ZT  is  also  a  measure  of  the  mixing. 
This  paper  examines  solutions  to  the  coupled  thermoelectric 
diffusion  problem  and  discusses  some  implications  for 
measurements. 


*-£M-vr)+/.£)  (4) 

S  +  V-S  =  s 

allows  connection  to  the  ordinary  transport  coefficients, 
assuming  the  currents  are  linearly  proportional  to  the 
gradients  of  the  potentials,  by 

i  =  <j(e  -ccVT) 


Introduction 

Diffusion  of  heat  and  charge  in  solids  is  ordinarily  well 
described  by  the  approximate  diffusion  equations 


fj  =  dy2t] 

t  =  dqV2T 


where  77  is  the  electrical  potential  (or  more  precisely,  the 
electrochemical  potential),  T  is  the  temperature,  and  de  and  dq 
are  the  electrical  and  thermal  diffusivities.  These  diffusion 
equations  derive  from  conservation  of  energy  and  charge 
considerations,  with  only  a  few  simplifying  assumptions. 

In  thermoelectric  materials  heat  and  electricity  are  coupled, 
an  effect  neglected  above.  This  paper  seeks  to  identify  when 
the  above  expressions  are  adequate  and  when  a  more 
complete  treatment  is  required. 

First,  the  coupled  diffusion  equations  are  derived  and  the 
characteristic  eigenvalue  problem  is  solved  to  identify  the 
normal  modes.  The  resulting  eigenvalues  represent  diffusivity 
values  for  coupled  temperature-potential  diffusion  and  the 
eigenvectors  indicate  the  degree  to  which  temperature  and 
potential  diffusion  are  mixed  in  the  normal  modes.  Next  the 
behavior  of  the  normal  mode  diffusion  constants  is  examined 
as  a  function  of  coupling.  And  as  an  example,  the  coupled 
boundary-value  problem  corresponding  to  the  ’flash’  method 
of  determining  the  thermal  diffusivity  is  considered. 


Thermoelectric  Diffusion  Equations 

The  first  task  is  to  write  the  problem  in  terms  of 
measurable  properties.  Start  with  conservation  of  charge  and 
energy 


p  +  V  •  i  =0 

u  +  v-u=  0 


(2) 


Using  a  more  compact  matrix  notation. 


fp 

=  L 

r  E  ' 

-vr. 

with  the  transport  matrix  L  given  by 

(  -  \ 

lA 


<J 

era 


era 

4 Yl/t . 


(6) 


(7). 


Here  i  is  the  electric  current  density,  E  is  the  electric  field,  VT 
is  the  temperature  gradient,  cr  is  the  electrical  conductivity,  a 
is  the  Seebeck  coefficient  and  X  is  the  thermal  conductivity 
(measured  under  the  condition  /  =0).  %  is  a  convenient 

measure  of  the  relative  strength  of  the  thermoelectric  effects 

T  2 


Yl  =1  + 


1+ 


J\2 


r  T  -T  4 
^11^22  ^12 


<ra2T 


X 

si  +  zr 


(8) 


where  ZT  is  the  dimensionless  thermoelectric  figure  of  merit. 

Within  the  same  linear  response  regime,  the  time  variations 
as  can  be  written 


P  —  Cuf]  4*  Cl2T 
S  =  C2^tj  +  C22T 


(9) 


which  is  conveniently  summarized  in  matrix  form  as 


(p) 

^  • 

ii 

UJ 

(10). 


and  definitions  of  the  entropy  flux  (S  )  and  time  rate  of 
change  of  the  entropy  density  (  S ) 

TS  ~U  -rji 

.  .  (3). 

TS  =  U  -r/p 

Combining  (2)  and  (3)  and  defining  an  entropy  source  term,  5, 


with  the  capacity  matrix,  C,  given  by  various  thermodynamic 
derivatives. 

The  symmetry  of  C  is  a  consequence  of  the  second  law  of 
thermodynamics  and  the  off-diagonal  elements  (C12  and  C2i) 
are  exactly  equal.  C22-Ci22/Cn  is  essentially  the  heat  capacity. 
Cn  is  related  to  the  carrier  concentration  although  in  general  it 
is  a  slightly  more  complex  quantity.  C21  represents  the  change 
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in  entropy  (or  heat)  when  the  charge 
is  changed  isothermally  and  C)2 
represents  the  change  in  charge  with 
temperature,  keeping  the 
electrochemical  potential  constant. 
In  principle  each  coefficient  can  be 
both  calculated  and  measured, 
although  the  cross  coefficients 
rarely  are. 

A  y  can  be  defined  for  the  C 
matrix  as  well 


Yc  =1  + 


'\2 


cuc21  -c„ 


which  again  is  a  convenient  measure 
of  the  relative  magnitude  of  the 
cross  effects. 

Combining  conservation  of 
energy  and  charge  with  linear 
response  considerations  yields  the 
coupled  diffusion  equations 


Figure  1:  Actual  diffusivity  values  ou  and  a.  as  functions  of  the  diffusion  constants  dt 
and  dq  neglecting  coupling  and  the  magnitude  of  thermoelectric  coupling  (yc,  yti- 


d 

y 

"0" 

C— -VIV 

— 

dt  J 

T 

s 

For  the  remainder  of  this  paper  the  entropy  source  term  will 
be  neglected  and  the  C  and  L  matrices  will  be  treated  as 
constants,  independent  of  chemical  potential  and  temperature. 
The  non-linearities  so  neglected,  however,  can  in  principle 
lead  to  a  variety  of  interesting  behavior. 

The  coupled  diffusion  problem  may  be  solved  using  the 
usual  methods.  Solutions  which  oscillate  in  space  and  decay 
with  time  like 


-ak2l+ jkx 


(12) 


or  which  oscillate  in  time  and  decay  exponentially  in  space 
like 


jtut+U-l) 


(13) 


are  possible.  The  first  case  is  often  useful  for  initial  value 
problems,  where  for  example  the  potential  and  temperature 
distribution  are  known  at  some  initial  time  and  one  wishes  to 
know  the  future  time  evolution  of  these  functions.  This  case 
will  be  examined  below.  The  second  case  occurs  in  methods 
where  the  potential  (or  temperature)  is  forced  to  oscillate  at  a 
fixed  frequency,  such  as  in  an  ac  resistivity  measurement  (or 
an  Angstrom  [2]  or  Cahill  3-<b  [1]  thermal  conductivity 
measurement). 

Solution  of  the  characteristic  equation  yields  the 
eigenvalues 


7  cY  l 


b  =  r  +  l/r-2 . 


V 


7c 


1  — 


Yl) 


where 


(14) 


(15) 


are  the  usual  electrical  and  thermal  diffusivity  values  for  the 
respective  uncoupled  diffusion  problems. 

Thus  the  eigenvalues  depend  on  the  two  uncoupled 
diffusivity  values  and  on  the  coupling  between  electrical  and 
thermal  effects  represented  by  the  two  y  values. 

The  two  eigenvectors  are  given  by 

ft*  =  (g±c,2-A2)  (16), 

ro±  (a±Cn-Lu) 

which  again  illustrates  that  in  the  absence  of  thermoelectric 
coupling  (Ci2=Ii2=0)?  the  solutions  uncouple  to  one  purely 
electrical  diffusion  solution  and  another  purely  temperature 
diffusion  solution. 
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Behavior  of  the  eigenvalues 

The  two  eigenvalues  a*  and  a.  represent  two  diffusion 
constants  which  appear  in  two  independent  solutions  of  the 
form  given  by  Eqs.  12  or  13.  In  a  great  many  materials  the 
electrical  diffiisivity  (dc)  is  greater  than  the  thermal  diffusivity 
(Wq),  sometimes  very  much  greater,  so  it  is  natural  to  identify 
the  larger  eigenvalue  a+  as  an  'electric-like’  diffusion 
coefficient  and  the  smaller  eigenvalue,  <x,  as  a  'heat-like’ 
diffusion  coefficient.  It  is  important  to  note,  however,  that  so 
long  as  thermoelectric  coupling  is  not  zero  each  solution 
involves  time  and  spatial  variations  of  both  the 
electrochemical  potential  and  the  temperature.  Further,  when 
dt  <  dq  (which  is  true  for  some  poor  mobility  materials)  the 
identification  of  'electric-like’  or  'heat-like'  can  become 


ambiguous  and  the  roles  of  ou  and  a.  can  reverse. 

The  constants  dt  and  dq  represent  the  diffusivity  values 
expected  in  the  absence  of  thermoelectric  effects,  but  a+  and 
a. .  are  the  diffusivity  values  which  one  observes  in  dynamic 
laboratory  measurements.  Fig.  1  illustrates  how  the  observed 
diffusivity  values  (Of  and  a.)  depend  on  dc  and  dq  and  on  the 
degree  of  coupling. 

Fig.  1  shows  the  thermoelectric  coupling  can  significantly 
modify  the  actual  diffusivity  values  compared  to  the  values 
expected  in  the  absence  of  coupling.  The  situation  is 
particularly  severe  when  both  types  of  coupling  are  large  (i.e. 


when  ft  and  ft»l),  For  most  materials,  however, 
thermoelectric  coupling  is  small  (ft  and  ft  only  slightly 
greater  than  1)  and  the  actual  diffusivity  values  are  little 
modified  from  the  uncoupled  values  dt  and  dq. 

For  de»dq  the  first  order  corrections  to  the  diffusivity  is 
given  by 


a+  =  deYc  +  dq 


n  — 


rc 


c-ifo-O 


(17). 


a-  =  dedja+ 


Eq.  17  illustrates  that  the  corrections  depend  on  the  departure 
from  no  coupling  (i.e.  yc- 1  and  ft-1),  a  delicate  balance 
between  the  two  types  of  thermoelectric  coupling  (ft  vs.  ft), 
and  on  the  relative  magnitudes  of  the  two  uncoupled 
diffusivity  values  (de  and  dq ). 


Thermal  Flash  Diffusivity 

The  flash  technique  (Fig.  2)  developed  by  Parker  et  al  [3] 
for  determining  thermal  diffusivity  is  relatively  simple,  fast 
and  insensitive  to  heat  loss. 


Figure  2:  ’Flash'  methods  determine  thermal 
diffusivity  on  thin,  disk-shaped  samples  from  the 
temperature  vs.  time  response  of  the  front  face. 


The  boundary  conditions  for  the  flash  method  are  that  no 
heat  or  charge  enters  or  leaves  the  sample,  except  during  a 
brief  period  (short  compared  with  any  characteristic  internal 
diffusion  time)  when  heat  is  deposited  on  the  rear  face  of  the 
sample.  The  mathematical  problem  including  the  effects  of 
thermoelectric  coupling  is  solved  using  techniques  essentially 


identical  to  a  heat  flow  problem  discussed  by  Carslaw  and 
Jaeger  [4],  except  that  here  two  independent  solutions  are 
required  to  conserve  charge.  The  time  dependence  of  the 
electrochemical  potential  and  temperature  of  back  face  of  the 
sample  are  given  by 

'7=7’.  \AtBj(aj/L2 )+  A_B_f(aj/L2)} 


T  =  T.{A,f(aj/L2)+  A_f(aj/L !)} 


(18) 


with 


'12 


+  B+ 

A  7 

‘  (fi.S.) 

^  _  ia±C]2  ~  A2) 

(tt±Cj,  -  ■£]]) 


(19) 


and 


n=] 

QJT„ 


T.  = 


^22  ^12  A-n 


(20) 


Q0  is  the  total  heat  deposited  in  the  sample  at  temperature  T0. 
These  solutions  ensure  that  no  electrical  charge  enters  or 
leaves  the  surfaces  at  any  time,  even  during  the  heat  flash 
itself. 

The  time  dependence  of  the  temperature  of  the  back  face  is 
given  by  the  sum  of  two  terms:  1)  an  'electric-like’  term  with 
amplitude  A+  propagating  with  a  characteristic  diffusion  time 
governed  by  a+and  2)  a  ’heat-like’  term  with  amplitude  A. 
propagating  with  a  characteristic  diffusion  time  governed  by 
a_.  Fig.  3  illustrates  how  the  amplitude  of  more  slowly 
propagating  'heat-like'  portion  of  the  temperature  response 
varies  with  relative  magnitude  of  the  two  uncoupled 
diffusivity  values  (de  and  d q)  and  the  degree  thermoelectric 
coupling  (represented  by  ft  and  ft). 

Again,  thermoelectric  coupling  significantly  modifies  the 
results  compared  to  the  values  expected  in  the  absence  of 
coupling.  When  both  types  of  coupling  are  large  (i.e.  when  ft 
and  ft»l)  the  ’heat-like’  contribution  can  actually  become  a 
small  faction  of  total  temperature  response.  For  most 
materials,  however,  thermoelectric  coupling  is  small  (ft  and 
ft  only  slightly  greater  than  1)  and  the  'heat-like'  component 
dominates  the  temperature  response,  as  expected 

When  corrections  are  large 

From  the  above  discussion  it  appears  that  no  special 
precautions  are  required  when  interpreting  diffusivity 
measurements  when  both  types  of  thermoelectric  coupling  are 
small  (i.e.,  when  ft  and  ft  are  only  slightly  greater  than  1) 
When  only  one  type  of  coupling  is  strong  (i.e.  ft»l  or  ft 
»1,  but  not  both)  the  actual  diffusivity  values  will  be  given 
by  the  uncoupled  values  ( de  or  Jq)  except  when  these  are 
similar  in  magnitude.  In  other  cases,  the  full  roots  given  by 
Eq.  14  are  required. 
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precision  and  accuracy,  so  a 
simple  measurement  of  times 
can  yield  important 
experimental  information. 

In  the  case  of  thermoelectric 
coupling,  four  materials 
parameters  (two  diffusivities 
and  two  coupling  parameters) 
determine  the  time  dependence 
of  the  temperature  of  the 
backface  temperature  and  more 
careful  analysis  is  required  to 
extract  the  material  properties. 
Indeed,  when  other  corrections 
such  as  heat  loss  and  finite 
duration  of  the  flash  are 
considered  (as  has  been  done 
for  the  uncoupled  problem  [3]), 
extraction  of  reliable  values  for 
materials  properites  becomes 
problematic. 

Conclusion 


Figure  3:  Amplitude  of  the  'heat-like'  response  as  a  function  of  the  diffusion  constants  Characterization  of 

neglecting  coupling  (de  and  dq)  and  the  magnitude  of  the  coupling  (yc  and  yL).  electrical  and  thermal 

properties  of  materials  using 
dynamic  methods  (i.e.  using  time  dependent 
external  perturbations)  is  more  complex  in 
materials  with  strong  thermelectric  effects  because 
the  response  generally  exhibits  both  'electric-like' 
and  'heat-like'  components,  each  with 
characteristic  diffussion  constants  modified 
compared  to  the  uncoupled  diffusion  constants.  In 
most  materials  thermoelectric  coupling  will  be 
negligible  but  it  would  be  of  interest  to  confirm 
the  effects  described  in  this  paper  by  analysis  of 
high-precision  diffusivity  experiments  on,  for 
example,  metallic  thermocouple  .materials  where 
ft  001  0.010  0.100  the  coupling  effects  may  be  within  experimental 

Time  (s)  resolution. 


Figure  4:  Temperature  vs.  time  response  for  a  flash  diffusivity 
measurement  on  a  hypothetical  metal  1  mm  thick  with  yc~2  and  Yl~2. 


Fig.  4  illustrates  one  kind  of  error  which  can  occur  in 
extreme  cases.  Here,  diagonal  coefficients  corresponding 
approximately  to  Pd  have  been  combined  with  hypothetical 
off-diagonal  coefficients  to  give  yc~2  and  yL~2  and  the  results 
of  a  flash  diffusivity  experiment  on  this  hypothetical  metal 
was  calculated.  While  the  total  time  dependence  of  the  back 
face  looks  qualitatively  similar  to  the  uncoupled  case  (which 
has  the  shape  of  either  of  the  individual  contributions  labeled 
'heat-like'  and  'electric-like'),  it  is  acually  much  more  complex 
depending  on  three  new  materials  parameter  (de„  yc,  and  yL) 
in  addition  to  the  uncoupled  thermal  diffusivity  (r/q). 

This  example  is  not  intended  to  represent  realistic 
properties,  but  it  illustrates  some  difficulties  which  may  be 
encountered.  Ordinarily,  a  key  advantage  of  diffusivity 
measurements  is  that  only  a  single  number  (such  as  to.s,  the 
time  required  for  the  backface  temperature  to  reach  1/2  of  its' 
final  value)  is  required.  Times  can  be  determined  with  great 


References 

1.  Cahill,  D.  G.  (1990).  Rev.  Sci.  Instrum.  61:  802. 

2.  Sidles,  P.  H.  and  G.  C.  Danielson  (1960).  Thermal 
Diffusivity  Measurements  at  High  Temperatures. 
Thermoelectricity.  P.  G.  Egli.  New  York,  John  Wiley  & 
Sons,  Inc.:  270-287. 

3.  Parker,  W.  J.,  R.  J.  Jenkins,  et  al.  (1961).  J.  Appl.  Phys.  32: 
1679. 

4.  Carslaw,  H.  S.  and  J.  C.  Jaeger  (1959).  Conduction  of  Heat 
in  Solids.  New  York,  Oxford  University  Press:  101 . 


733 


16th  International  Conference  on  Thermoelectrics  (1997) 


A  256  pixel  linear  thermopile  array  using  materials  with  high  thermoelectric  efficiency 


E.  Kessler,  U.  Dillner,  V.  Baier,  J.  MQller 

Institute  of  Physical  High  Technology  e.V.  (IPHT),  Dept.  Microsystems,  P.O.Box  100239,  D-07702  Jena,  Germany 
Phone:  +49-3641-657712,  Fax:  +49-3641-657700,  E-mail:  kessler@b3.ipht-jena.de,  dillner@b3.ipht-jena.de 


Abstract 

First  results  are  presented  concerning  a  recently  developed 
thermopile  array  with  256  linearly  arranged  pixels  within  a  total 
width  of  23  mm.  Thermal  simulation  studies  were  performed  by 
means  of  3-D  finite  element  calculations  to  optimize  the 
specific  detectivity  D*  of  the  pixels  and  to  find  the  conditions 
for  the  cross-talk  between  adjacent  pixels  as  low  as  possible. 

Resulting  from  this,  two  designs  with  different  element 
lengths  of  1.2  and  0.4  mm,  respectively,  but  equal  pixel  pitch  of 
1 75  mm  and  pixel  width  of  89  mm  each,  have  been 
investigated.  Each  pixel  consists  of  a  thermopile  of  ten 
thermocouples  built  up  in  a  multilayer  technology.  These 
thermopiles  are  arranged  on  free-standing,  stress-compensated 
SiON  membranes  formed  by  anisotropic  wet-etching  of  the  4" 
silicon  wafer  from  the  backside.  The  thermoelectric  material 
combinations  typically  used  are  BiSb/Sb  and  BiSb/BiSbTe, 
respectively,  deposited  by  vacuum  evaporation  and  patterned 
microlithographically.  The  absorbing  layer  is  silver  black. 

To  reduce  the  cross-talk  the  whole  array  is  built  up  in  a 
staggered  arrangement  of  two  subarrays  of  128  pixels  shifted  by 
half  a  pitch  against  each  other  and  separated  by  a  narrow  bar  of 
bulk  silicon.  Furthermore,  the  membrane  region  between  the 
pixels  is  removed  by  RIE  thus  creating  a  slit.  For  the  one  design 
with  an  element  length  of  1.2  mm  and  an  absorbing  area  of  0.6 
x  0.089  mm2  (110)  Si  wafers  are  used  to  reduce  the  width  of 
this  bar,  not  to  exceed  the  whole  length  of  the  sensitive  area  of  2 
mm.  This  type  shows  a  D*  of  5...9xl07  cmHz1/2/W  per  pixel  and 
a  cross-talk  of  about  50  %  in  normal  pressure  air,  which  is 
reduced  to  about  35  %  in  normal  pressure  Xe  with  an  increase 
of  D*  to  2...3xl08  cmHz1/2/W.  These  considerable  cross-talk 
values  are  due  to  the  thermal  coupling  between  the  pixels  by  the 
surrounding  gas.  Therefore,  best  results  can  be  achieved  by 
housing  the  array  under  vacuum  conditions  with  a  D*  of 
0.7...1.7xl09  cmHz1/2/W  and  a  negligible  cross-talk. 

Since  the  cross-talk  is  correlated  with  the  pixel  dimensions, 
a  second  design  has  been  investigated  with  a  reduced  element 
length  of  0.4  mm  and  an  absorbing  area  of  0.2  x  0.089  mm2.  In 
this  case  the  cross-talk  is  reduced  to  16  %  in  air  and  about  8  % 
in  Xe,  respectively,  but  also  the  output  signal  voltages  are 
reduced  by  a  factor  of  about  2. 

Introduction 

At  present  there  is  a  renaissance  of  thermopile  infrared 
radiation  sensors.  The  new  interest  in  these  sensors  stems  from 
the  potential  of  microsystem  technologies,  which  has  led  to  far- 
reaching  improvements  of  their  parameters  as  well  as  to  low- 
cost  batch  fabrication.  Thermopile  sensors  belong  to  the  class  of 
thermal  infrared  sensors.  All  detectors  of  this  class  have  in 


common  that  the  incident  radiation  causes  a  temperature  differ¬ 
ence  between  the  absorbing  medium  and  a  heat  sink.  This 
working  principle  implies  that  thermal  sensors  respond  unselec- 
tively  to  a  wide  spectral  range  and  do  not  require  cooling.  In 
thermopile  sensors  the  temperature  increase  due  to  the  absorbed 
radiation  is  converted  into  an  electrical  signal  by  means  of  the 
Seebeck  effect.  As  microsensors  these  devices  are  of  small  size 
and  their  manufacture  is  based  principally  on  the  concepts  of 
microsystem  technologies,  e.g.,  silicon  chips,  micromachining, 
selective  etching  techniques,  thin-film  deposition  methods, 
packaging  and  interconnection  technologies  as  well  as  mono¬ 
lithic  or  hybrid  integration. 

Thermopile  linear  arrays  are  one-dimensional  arrangements 
of  a  number  of  pixels  comprised  by  thermopiles.  The  arrange¬ 
ments  of  several  elements  of  a  size  Ixw  with  length  /  and  width 
w  are  characterized  by  pixel  number  n ,  pixel  size  A  (the  assem¬ 
bly  of  thermocouples  to  a  thermopile  as  a  sensitive  area)  and 
pixel  pitch  p  (the  distance  from  a  center  of  a  sensitive  area  to 
the  center  of  the  neighboring  pixel).  In  addition  to  the  single 
element  performance  data,  i.e.  detectivity  D*  and  time  constant 
r,  the  performance  of  the  array  is  characterized  by  the  cross-talk 
c  to  adjacent  pixels.  Essentially,  one-dimensional  arrangements 
are  useful  as  detectors  in  two  important  applications:  spec¬ 
trometers  (spectral  photometers)  and  line  scanning  pyrometers. 

The  first  micromachined  thermopile-based  linear  infrared 
sensing  arrays  were  reported  by  Choi  and  Wise  [1].  After  some 
refinement  they  showed  the  following  parameters  [2]:  n= 2x16 
in  an  arrangement  of  two  staggered  subarrays, 
/xw=(0.8x0.4)  mm2,  /?=0.6mm,  DV7.7xl07  cmHz1/2/W  and 
r«10ms.  Each  element  of  these  arrays  consists  of  a  thin 
membrane  spanning  a  silicon  rim.  The  rim  acts  as  heat  sink  and 
results  in  a  negligible  cross-talk.  Alternatively  to  membranes 
cantilevers  were  used  as  infrared  sensing  array  elements  [3]. 
Here  the  parameters  were  n= 8,  /xw=(3x0.44)  mm2,  p= 0.5  mm, 
D*«5xI07  cmHz,/2/W  and  r«180ms.  A  cross-talk  of  15% 
was  observed  due  to  heat  conduction  through  the  air.  Contrary 
to  [1-3]  where  the  thermopiles  were  fabricated  using  doped 
polysilicon,  the  use  of  Bi0  87Sb0 13  for  the  n-type  thermopile  layer 
and  of  Sb  for  the  p-type  layer  was  reported  in  [4].  These  materi¬ 
als  show  a  high  efficiency  of  the  thermoelectric  conversion 
characterized  by  the  thermoelectric  figure  of  merit  Z-SPcrA:'  (S: 
Seebeck  coefficient,  <j\  electrical  conductivity,  X\  thermal 
conductivity),  e.g.,  Z  is  about  0.5xl03K_l  for  thin  films  of 
Bi087Sbo  i3  [5].  Due  to  the  low  thermal  conductivity  of  these 
films  (about  3  WK^m'1)  this  Z  value  is  nearly  one  order  of 
magnitude  higher  than  the  corresponding  one  of  polysilicon.  As 
in  [1,2]  an  element  of  the  array  described  in  [4]  consisted  of  a 
thin  membrane  supported  and  thermally  isolated  from  its 
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neighbors  by  a  silicon  rim.  The  parameters  of  this  linear  array 
were  n= 2x8  (staggered),  /xw=(2x0.6)  mm2,  p=\.5  mm, 
D’»3xl08  cmHzl/2/W,  r«20  ms  and  c*0. 

Sensor  array  design 

A  schematic  top  view  of  a  typical  layout  of  a  thermopile 
array  is  shown  in  Fig.  1 .  A  free-standing  stress-compensated 
membrane  made  by  anisotropic  etching  of  a  Si  wafer  covered 
with  a  silicon  oxinitride  (SiON)  layer  serves  as  a  substrate  for 
the  thermopiles  patterned  microlithographically  by  wet  chemi¬ 
cal  etching.  We  employ  thin  films  of  0.4  pm  thickness  using  n- 
type  Bi087Sb0 ,3  against  p-type  Sb  as  thermocouple  materials 
with  a  Seebeck  coefficient  5=135  pV/K  per  couple.  Each 
thermopile  is  covered  by  an  absorption  layer  corresponding  to 
the  pixel  size  A.  Note  that,  contrary  to  [1,2,4]  where  every 
single  array  element  is  completely  surrounded  by  a  Si  rim 
acting  as  heat  sink  and  serving  also  to  separate  the  pixels 
thermally,  this  is  not  the  case  for  the  layout  of  Fig.  1  where  the 
heat  sink  is  only  provided  under  the  cold  junctions  of  the 
thermopiles.  Instead  of  a  bulk  heat  sink,  there  is  a  pixel  sepa¬ 
rating  region  between  two  pixels,  which  is  essentially  formed 
by  a  slit  in  the  membrane  to  reduce  thermal  cross-talk. 


free-standing  pixel  separating  thermocouple  absorption  layer 

substrate  region  leg  (pixel  size  A) 


window  cap 


Figure  2.  Cross-sectional  view  of  a  linear  thermopile  array 
(schematically),  thermocouple  legs  arranged  using  a  multi-layer 
technology. 


other  hand,  merely  inclined  walls  or  V-grooves.  This  is  a 
drawback  when  high  aspect  ratio  structures  are  required.  In 
Fig.  3  one  can  see  that  only  a  (110)  cut  wafer  is  suitable  to 
realize  an  appropriate  structure  to  separate  the  two  subarrays 
with  a  small  distance  of  0.2  mm.  If  such  a  small  distance  is  not 
necessary  a  (100)  cut  wafer  can  be  used.  Therefore,  a  second 
variant  for  the  2x128  pixel  array  is  based  on  that  wafer  type. 
The  second  variant  differs  from  the  first  one  in  element  length, 
which  is  divided  by  three  in  the  second  variant  compared  to  the 
first  one  (cf.  Fig.  3).  Here  the  distance  between  the  two  subar¬ 
rays  can  be  larger. 


(110) 


Figure  1.  Top  view  of  a  linear  thermopile  array  chip 
(schematically),  thermocouple  legs  arranged  using  a  multi-layer 
technology. 

The  n-type  and  the  p-type  legs  of  the  thermopiles  are 
arranged  one  on  the  top  of  the  other  using  a  multi-layer  tech¬ 
nology  [6].  This  arrangement,  which  has  the  advantage  of 
doubling  the  package  density  of  the  thermocouple  legs,  is 
illustrated  in  Fig.  2. 

Aimed  to  provide  a  device  for  resolving  an  infrared  spec¬ 
trum  of  about  22.5  mm  width  and  2  mm  height  with  256  pixels, 
a  high  resolution  sensor  array  was  designed  as  a  staggered  array 
with  «=2xl28,  /?=0.175mm,  peff=0.0875  mm, 

/l=(0.6x0.089)mm2  and  /xw=(l  .2x0.089)  mm2.  The  thermopiles 
consist  of  10  thermocouples  having  a  width  of  8  pm  each. 

The  distance  between  the  membranes  of  the  two  subarrays  is 
to  be  0.2  mm  only.  To  realize  such  a  structure  using  bulk 
micromachining  by  anisotropic  etching  it  is  favorable  to  choose 
a  (1 10)  cut  wafer,  since  here  the  etch-stopping  (111)  planes  are 
perpendicular  to  the  surface  and,  hence,  vertical  walls  can  be 
etched  [7].  Using  a  (100)  instead  of  a  (1 10)  wafer  gives,  on  the 


Figure  3.  Cross-sectional  view  of  the  chips  of  two  variants  for 
the  2x128  pixel  staggered  linear  thermopile  array  based  either 
on  a  (1 10)  wafer  or  on  a  (100)  wafer.  The  dashed  line  denotes 
the  result  to  be  expected  when  employing  a  (100)  instead  of  a 
(110)  wafer  in  the  first  variant. 

Thermal  analysis 

From  Fig.  1,  we  see  that  the  temperature  gradient  leading  to 
the  pixel  signal  voltage  (the  signal  gradient)  and  the  cross-talk 
between  pixels  have  different  directions.  Hence,  both  dimen¬ 
sions  of  the  membrane  region  should  be  included  in  the  thermal 
analysis.  Since  the  heat  transfer  by  a  surrounding  gas  has  also  to 
be  considered,  the  problem  of  calculating  the  signal  gradient 
and  cross-talk  of  array  layouts  described  in  the  previous  section 
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requires  a  full  3-D  treatment.  This  was  performed  by  a  3-D 
finite  element  analysis  (FEA)  using  the  FEA  code  ANSYS  to 
simulate  the  stationary  and  transient  temperature  distribution  in 
a  modeling  region  depicted  schematically  in  Fig.  4. 

The  modeling  region  comprises  a  quarter  (due  to  symmetry) 
of  three  elements  of  the  sensor  array  as  well  as  the  gas-filled  or 
evacuated  space  above  and  below  the  selected  elements.  The 
silicon  rim,  the  header  and  the  cap  are  not  included  in  the  FEA 
modeling  region,  since  they  are  regarded  as  heat  sinks  at  sensor 
temperature  Ts  or  temperature  of  the  surroundings  7^.  The  pixel 
(or  absorber)  area  of  the  middle  element  is  loaded  by  a  heat  flux 
equivalent  to  the  incident  infrared  radiation  while  the  neigh¬ 
boring  pixels  are  not  loaded  but  receive  the  thermal  cross-talk 
from  the  middle  element. 

The  FEA  modeling  region  is  subdivided  in  five  regions  of 
different  material  properties.  MAT2  referring  to  the  pixel  area, 
MAT1  and  MAT4  belong  to  the  free-standing  substrate  while 
MAT5  comprises  the  pixel  separating  region  and  MAT3  the  gas 
filling.  The  thin-film  thermal  conductivity  and  heat  capacity 
data  for  the  various  components  of  the  membrane  including  the 
thermopiles  and  photoresist  insulation  layers  published  in  [8] 
were  used  in  the  calculations. 


Figure  9.  3-D  FE  model  of  the  membrane  and  its  surroundings 
(not  to  scale).  The  numbers  1  to  5  denote  regions  of  different 
materials  (MAT1  to  MAT5). 

Results  of  the  thermal  simulation  calculations 

The  pixel’s  signal  voltage  and  the  thermal  cross-talk  be¬ 
tween  adjacent  pixels,  both  extracted  from  the  stationary  FEA, 
the  thermal  time  constant  of  a  pixel  calculated  from  the  transient 
FEA  as  well  as  the  electrical  resistance  of  an  array  element  and 
its  detectivity  are  given  in  Tables  1  to  4  for  different  array 
design  variants  and  thermocouple  material  combinations. 

It  can  be  seen,  that  a  vacuum  encapsulation  of  the  array  chip 
would  be  the  best  way  to  obtain  a  maximum  signal  voltage  and 
detectivity  with  vanishing  thermal  cross-talk.  On  the  other 


hand,  the  corresponding  thermal  time  constants  are  relatively 
large.  A  nitrogen-filled  array  gives  considerably  lower  signal 
voltages,  detectivities  and,  even  worse,  a  large  cross-talk  due  to 
the  thermal  conductivity  of  the  gas.  Using  xenon  instead  of 
nitrogen  results  in  considerable  improvements  of  signal  voltages 
and  detectivities.  However,  this  is  not  connected  with  a  equiva¬ 
lent  improvement  in  the  cross-talk  values.  They  are  only  ac¬ 
ceptable  for  the  design  variant  with  the  short  element  length  (cf. 
Tables  3  and  4).  A  xenon-filled  array  with  0.4  mm  element 
length  requires  the  best  thermoelectric  materials  possible  (in 
particular,  B^Sfy  5Te3,  for  the  p-type  leg,  cf.  Table  4)  for  a 
reasonable  detectivity. 


n2 

(normal 

pressure) 

Xe 

(normal 

pressure) 

vacuum 

signal  voltage  (mV)  at 

100  W/m2  irradiance 

0.2 

0.7 

2.5 

detectivity  (108  cmHz,/2/W) 

0.5 

2 

7 

time  constant  (ms) 

11 

30 

90 

resistance  (kQ) 

17 

17 

17 

cross-talk  (%) 

47 

37 

0 

Table  1.  Calculated  array  performance  data  referring  to  the 
2x128  pixel  array  with  1.2  mm  element  length  for  the  case  of 
Bi0  87Sb0 13  /Sb  as  thermocouple  materials. 


n2 

(normal 

pressure) 

Xe 

(normal 

pressure) 

vacuum 

signal  voltage  (mV)  at 

100  W/m2  irradiance 

0.5 

2 

10 

detectivity  (108  cmHz1/2/W) 

0.9 

3 

17 

time  constant  (ms) 

8 

30 

200 

resistance  (kQ) 

50 

50 

50 

cross-talk  (%) 

47 

37 

0 

Table  2.  Calculated  array  performance  data  referring  to  the 
2x128  pixel  array  with  1.2  mm  element  length  for  the  case  of 
Bi0  g7Sb0 ,3  /Bi05Sb!  5Te3  as  thermocouple  materials. 


n2 

(normal 

pressure) 

Xe 

(normal 

pressure) 

vacuum 

signal  voltage  (mV)  at 

100  W/m2  irradiance 

0.09 

0.2 

0.3 

detectivity  (108  cmHz1/2/W) 

0.7 

1.5 

2.3 

time  constant  (ms) 

4 

8 

13 

resistance  (kQ) 

6 

6 

6 

cross-talk  (%) 

16 

8 

0 

Table  3.  Calculated  array  performance  data  referring  to  the 
2x128  pixel  array  with  0.4  mm  element  length  for  the  case  of 
Bi0  87Sb0 13  /Sb  as  thermocouple  materials. 
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n2 

(normal 

pressure) 

Xe 

(normal 

pressure) 

vacuum 

signal  voltage  (mV)  at 

100  W/m2  irradiance 

0.25 

0.7 

1.7 

detectivity  (108  cmHz'/2/W) 

1.3 

3.5 

7 

time  constant  (ms) 

5 

15 

30 

resistance  (kQ) 

17 

17 

17 

cross-talk  (%) 

16 

8 

0 

Table  4.  Calculated  array  performance  data  referring  to  the 
2x128  pixel  array  with  0.4  mm  element  length  for  the  case  of 
Bio.87Sbo.j3  /  Bi05Sbj  5Te3  as  thermocouple  materials. 

Experimental  results 

Microfabricated  samples  of  the  2x128  pixel  array  with 
1.2  mm  element  length  employing  of  Bi087Sb013  /Sb  as  thermo¬ 
couple  materials  have  been  tested  in  an  air  environment  at 
normal  pressure.  The  measured  electrical  resistance  was  14  kQ, 
for  the  thermal  time  constant  a  value  of  13  ms  was  found  while 
the  thermal  cross-talk  was  measured  to  be  about  45  %.  These 
experimental  values  are  in  good  agreement  with  the  simulation 
results  (cf.  Table  1). 

However,  the  measured  signal  voltage  of  0.9  mV  at  an 
irradiance  of  100  W/m2  and  the  resulting  detectivity  of  1.9xl08 
cmHz1/2/W  are  much  higher  than  the  predicted  values  given  in 
Table  1 .  This  can  be  explained  as  follows.  In  the  experiments 
the  complete  array  chip  was  irradiated  using  a  black  body 
source  to  determine  the  signal  voltage  while  in  the  simulation 
only  one  pixel  area  was  loaded  referring  to  the  most  stringent 
arrangement  for  a  spectroscopic  application.  Therefore,  we  have 
done  additional  simulations  where  the  thermal  load  of 
100  W/m2  is  applied  to  all  pixels.  This  modification  in  the 
thermal  model  results  in  a  signal  voltage  of  0.6  mV  and  even 
1  mV,  respectively,  if  the  radiation  reflected  at  the  header  of  the 
chip  was  also  included  in  the  model.  Thus  the  experiments  and 
the  simulation  results  agree  with  each  other  also  in  the  case  of 
signal  voltage  and  detectivity.  Hence  it  can  be  concluded  that 
the  employed  3-D  FEA  model  is  adequate  to  describe  the 
temperature  field  within  the  sensor  array  membrane  and  in  its 
surroundings. 

Conclusion 

Applying  a  3-D  finite  element  analysis  to  model  the  station¬ 
ary  and  transient  temperature  distribution  within  the  sensor 
array  membrane  and  its  surroundings  we  calculated  the  signal 
voltage,  detectivity,  pixel-to-pixel  thermal  cross-talk  and  time 
constant  for  two  designs  of  a  2x128  pixel  staggered  linear 
thermopile  infrared  radiation  sensor  array  in  dependence  on 
different  types  of  the  filling  gas.  As  tested  for  arrays  with 
elements  of  a  length  of  1.2  mm  on  (110)  wafers  in  an  air 
environment,  the  calculated  signal  voltages,  time  constants  and 
thermal  cross-talk  data  are  in  a  reasonable  agreement  with  the 
measured  data.  Due  to  the  small  pixel  pitch  a  high  performance 
of  the  array  (i.e.  high  detectivity  and  negligible  cross-talk)  can 
only  be  achieved  by  its  vacuum  encapsulation.  Thus  a  D'  of 
0.7x1 09  cmHzl/2/W  can  be  expected  for  the  thermoelectric 


material  combination  Bi087Sb013  /Sb  while  a  D*  of  1.7xl09 
cmHz1/2/W  is  possible  for  the  thermoelectric  material  combina¬ 
tion  Bi0  87Sb013  /  Bi05Sb15Te3. 

Acknowledgment 

This  work  has  been  supported  by  the  Federal  Ministry  of 
Education,  Science,  Research  and  Technology  (BMBF),  col¬ 
laborative  project  THERMAP,  Grant  No.  16  SV  283/9. 

References 

[1]  I.H.  Choi,  K.D.  Wise,  A  silicon-thermopile-based  infrared 
sensing  array  for  use  in  automated  manufacturing,  IEEE 
Trans .  on  Electron  Devices ,  ED-33  (1986)  72-79. 

[2]  W.G.  Baer,  K.  Najafi,  K.D.  Wise,  R.S.  Toth,  A  32-element 
micromachined  thermal  imager  with  on-chip  multiplexing, 
Sensors  and  Actuators,  A48  (1995)  47-54. 

[3]  P.M.  Sarro,  H.  Yashiro,  A.W.  v.  Herwaarden,  S.  Middel- 
hoek,  An  integrated  thermal  infrared  sensing  array,  Sensors 
and  Actuators,  74(1988)  191-201. 

[4]  W.  Schnelle,  U.  Dillner,  S.  Poser,  A  linear  thermopile 
infrared  sensing  array,  VDI-Berichte,  982,  (1992)  261-264. 

[5]  F.  Volklein,  E.  Kessler,  Thermal  conductivity  and  thermoe¬ 
lectric  figure  of  merit  of  Bi^Sb*  films  with  0<x<0.3, 
Physica  Status  Solidi,  B 1 43  ( 1987)  121-130. 

[6]  F.  Volklein,  A.  Wiegand,  High  sensitivity  and  detectivity 
radiation  thermopiles  made  by  multi-layer  technology,  Sen¬ 
sors  and  Actuators,  A24  (1990)  1-4. 

[7]  W.  Lang,  Silicon  microstructuring  technology.  Materials 
Science  and  Engineering,  7?/ 7  (1996)  1-55. 

[8]  U.  Dillner,  Thermal  modeling  of  multilayer  membranes  for 
sensor  applications,  Sensors  and  Actuators,  A41-A42  (1994) 
260-267. 


737 


16th  International  Conference  on  Thermoelectrics  (1997) 


Thermoelectric  Detection  of  Photothermal  Signals  in  Semiconductors 


G.  N.  Logvinov,  M.  N.  Kasyanchuk 

Ternopil  Pedagogical  State  University;  2,  Krivonosa  str.,  P.O,  282009,  Ternopil,  Ukraine, 
Tel:  (380)352334006,  Fax:  (380)35220176,  E-mail:  logvinov@ecolab.ternopil.ua 


Yu.G.  Gurevich,  G.  Gonzalez  de  la  Cruz 

Departamento  de  Fisica,  Centro  de  Investigacion  y  de  Estudios  Avanzados  del  Instituto  Politecnico  Nacional,  Apartado  Postal 

14-740,  07000,  Mexico,  Distrito  Federal,  Mexico, 

Tel:  (525)7477000,  Fax:  (525)7477096,  E-mail:  gurevich@fis.cinvestav.mx 


Abstract 

Thermal  waves  are  theoretically  investigated  in  electron  and 
phonon  subsystems  of  nondegenerate  semiconductors.  Peri¬ 
odic  thermo-e.m.f.,  which  appears  in  the  sample  under  propa¬ 
gation  of  thermal  waves  is  calculated.  Amplitude  and  phase 
frequency  dependencies  of  thermo-e.m.f,  is  received. 


Introduction 

The  basis  of  all  photothermal  methods  of  a  solid  states  re¬ 
search  is  formed  by  detecting  the  thermal  waves  appearing  in  a 
sample  as  a  result  of  absorption  of  modulated  laser  radiation 
energy  ,  which  is  converted  into  periodic  thermal  flux  on  a 
surface  and  in  volume  (thermal  waves)  [1].  The  thermal  re¬ 
sponse  measured  by  either  methods  and  the  analysis  following 
it,  allows  to  get  an  extensive  information  about  heat  sources 
generating  thermal  waves;  characteristic  of  a  medium  in  which 
they  are  propagated;  light  absorption  factor;  characteristic 
times  of  physical  processes  etc. 

At  once  we  have  to  mark,  that  the  process  of  thermal  waves 
propagation  has  specific  singularities  in  semiconductors, 
which  are  linked  in  the  elementary  case  with  the  presence  of 
two  nonequilibrum,  nonstationary  temperature  distributions  - 
electron’s  Te(r,t),  and  phonon’s  Tp(r,t),  where  r  is  a  position 
vector,  t-time  [2].  This  distinction  is  exhibited  on  distances  1£ 
from  surfaces  contacting  to  a  heater  and  a  refrigerator  in  bulk 
semiconductors  [2a»le,  when  2a  -  sample’s  length,  1£  -  the 
cooling  length  (effective  length  of  energy  electron-phonon  in¬ 
teraction)];  the  stratification  of  this  temperatures  takes  place  in 
the  whole  volume  of  a  sample  in  submicron  films  (2a<le).  In 
typical  semiconductors  the  length  le  is  the  value  of  order  10'4- 
10  2  cm.  The  heterogeneity  of  temperature  distribution  Te(r,t) 
leads  to  the  appearance  of  non-stationary  thermo-e.m.f.  with 
the  necessary,  that  entails  in  addition  to  being  available  an¬ 
other  one  method  of  thermal  waves  detecting.  Theoretical  cal¬ 
culation  of  this  thermo-e.m.f.  and  its  singularities  analysis  is 
the  purpose  of  the  present  work. 


Thermal  electron  and  phonon  waves 

With  the  purposes  of  simplicity  we  will  consider,  that  the 
nondegenerate  isotropic,  monopolar  semiconductor  has  the 
form  of  a  parallelepiped,  on  one  of  which  surfaces  (x  =  -  a) 
the  laser  radiation,  modulated  with  frequency  co,  falls.  The  sur¬ 
face  x  =  a  is  hold  under  the  constant  temperature  T0. 


Lateral  sides  are  adiabatically  isolated.  We  assume,  that  the 
semiconductor  opaque  and  whole  energy  of  an  incident  radia¬ 
tion  is  absorbed  on  a  surface.  All  kinetic  factors  are  assumed 
not  depending  on  temperature. 

The  temperatures  of  electrons  and  phonons  can  be  sclfcoordi- 
nate  defined  from  the  following  set  of  equations  of  energy  bal¬ 
ance,  taking  into  account  the  electron  -  phonon  energy  inter¬ 
action  [3]: 


92Te(x,t)  2  1  0Te  (x,t) 

- ^ - kg  [Te  (x,t)  -  Tp  (x,t)]  = - e - 


3x 


a. 


dt 


a2TD(x,t)  1  3Tp(x,t) 

- 2- - +  k2  rre  (x,t) -  Tp  (X,t)]= - 2- - 

dx2  aP  dt 


(i) 


2  r 

Here  ke  p  = - ;  P  =  neat  [2]  is  a  coefficient,  which  deter- 

Xe.p 

mines  the  intensity  of  electron-phonon  energy  interaction; 


a 


e,p 


Xe,p 


*e,pCe,p 


are  the  thermal  diffusivity  for  electron  and 


phonon  systems;  Xe,P>  Pe,p>  ce,p  are  electron  and  phonon 
thermal  conductivity,  density  and  specific  heat  respectively;  n 


is  electron’s  concentration;  is  electron  -  phonon  energy 
relaxation  frequency. 


The  boundary  conditions  are  represented  by  the  following 
system  of  relations  [3]: 


Q  e  p  (x,t)jx=_a  -  Q  e,p  +  AQ  epe 
Te,p  ^x^x=a  “  T0 


here  Q^p  are  the  static  electron’s  and  phonon’s  heat  fluxes 

appearing  as  a  result  of  high-frequency  carrying  radiation  en¬ 
ergy  absorption;  AQe,p  are  dynamic  electron’s  and  phonon’s 
fluxes,  generated  by  a  modulating  component  of  an  incident 
radiation.  The  magnitudes  AQe  and  AQP  can  be  different  each 
time  that  are  depended  on  thermophysical  characteristics  of  a 
surface. 

Being  limited  by  the  condition  Xp»Xe>  that  is  typical  charac¬ 
teristic  for  nondegenerated  semiconductors,  it  is  possible  to 
receive: 


Te  (x,t)  =  T|  +  e101 


AQ, 


Xp 


Fl 


shoi  (a-x)  TtG2  (a- x) 


ch2cia 


'  +  F2 


ch2G2a 


;(3) 
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(4) 


„  Vnt-AQP  drKT  o  (a  -  x) 

Tp  (X,t)  =  Tp  +  e** - ~G  — - f- - . 

P  P  Xp  ch2o2a 


where 


t;,p=t0+- 


Qe  +  Qi 


Xp 


(a-  x)±- 


c2  ( 
ve,p 


Qe  QP 
Xe  Xp 


dike(a-x) 


are  the  static  parts  of  temperature  distributions; 

(  ->  A 


K  -• 


K  = 


<*1 
AQ  e  Xp 


2  2 
°1  G2  y 


;  F2 


a2(a2-o2) 


di2kea 


;  G  —  ; 


°2 


Xe  AQ] 


■;  of  =  ke  1  + 


to 

COc 


2  2io 

;  °2=  — 

a^co* 


2a  p  « 

coa  = — fL?  0)£  -  k^ae  are  characteristic  frequencies;  C0a 
a2 

determines  the  frequency  of  relaxation  of  a  temperature  fluc¬ 
tuations  in  phonon’s  subsystem. 

It  is  essential  to  mark,  that  four  thermal  waves  are  propagated 
in  electron  subsystem  and  only  two  waves  are  propagated 
throw  phonon  subsystem.  The  reason  is  that,  when  Xp>:>Xe>  the 
value  of  phonon’s  thermal  flux  practically  does  not  vary  under 
inflow  of  heat  from  electron’s  subsystem.  On  the  contrary,  the 
electron  gas  takes  a  noticeable  periodic  thermal  perturbation 
from  the  phonon’s  subsystem.  By  other  words,  the  electron  gas 
is  warming  by  the  surface  and  bulk  sources  of  heat,  and  pho¬ 
non’s  gas  only  by  surface  sources  of  heat.  As  a  result,  dynamic 
part  of  electron  temperature  depends  on  electron’s  and  pho¬ 
non’s  subsystems  parameters,  and  the  dynamic  part  of  pho¬ 
non’s  temperature  is  defined  only  by  phonon’s  gas  character¬ 
istic. 


The  corresponding  waves  lengths  and  damping  length  look 
like  the  following: 


Xi  =  ■ 


271 


=  2^2k\ 


1  + 


(0 

coE 


-1 


-K 


^2  “ 


271 


Jm  G ' 


=  27ld 


f  CO  ^ 


■/, 


(5) 


l 

Li= - 

Reax 


1  + 


(  \2 
'  a)  ' 


VW£  J 


+  1 


show,  that  ov=8,6103  sec'1,  when  a  =  10’2  cm  in  p-Ge  for 
T=300  K,  (o^=8, 6- 1 09  sec1,  when  a  =  10s  cm.  Cooling  length 
le=  2  I04  cm,  o\  =  1, MO9  sec’1. 

The  theoretically  calculated  frequency  dependence  of  elec¬ 
tron’s  and  phonon’s  amplitudes  of  thermal  waves  on  the  sur¬ 
face  x  =  -a  in  a  sample  p-Ge  (a  =  10  3  cm)  are  shown  on  fig¬ 
ure  1. 


Figure  1 . 

It  was  selected  for  a  determinacy,  that  K=l; 
AQ=AQe+AQp=10"2  Wt/cm2.  From  the  shown  graphs  it  is 
visible,  that  the  amplitude  Fj  is  negligible  small  for  frequen¬ 
cies  co<107  sec’1  and,  on  the  contrary,  it  is  dominating  in 
some  interval  of  frequencies  near  the  frequency  108- 

109  sec'1. 


Periodic  thermoelectric  response 

A  required  thermo-e.m.f.  in  a  quasistationary  approximation 


;  (t)  =  -  J 


dTe(x,t) 

a — - - dx, 

dx 


(6) 


where  a  -  factor  of  a  differential  thermo-e.m.f. 

We  can  come  to  the  following  expression,  by  taking  expres¬ 
sion  (3)  and  after  conducting  some  formal  transformations: 
E(t)  =  Eq  + 

inf-  P  I  2  2  it)  (7 ) 

+  e10^ - ^E^  +  E^  +  2E1E2  oostAigE!  -  AigE2 )  •  , 

Xp 


where 


E  a  =  a 


2a 


Qe  +  2p  1 


Q  P  Q  e 
Xp  Xe 


A  \ 

th(2kea) 

J 


is  the  static  part  of  thermo-e.m.f.; 


(8) 


The  characteristic  frequencies  and  co*  essentially  differ  in 
bulk  semiconductors  (o\»Wa)  and  are  commensurable  among 
themselves  in  submicron  films  (cofe-co^).  So  the  evaluations 


739 


16th  International  Conference  on  Thermoelectrics  (1997) 


2tcL]_  W  a  phase  is  the  presence  of  extremums.  In  experiment,  meas- 

Arg{E]_ )  =  -aintg—  aictg  f  urements  of  frequencies  of  these  extremums  together  with  ex- 

1  K|l  +  W  j-l  tremes  of  a  phase,  and  also  the  magnitude  of  thermo-e.m.f. 

_1  00  allows  to  receive  an  extensive  information  about  various  pa- 

+  aictg  tg4?laXl  -  aictgf  trj47iaXT1  •  th2aL:1);  rameters  of  a  semiconductor  in  particular  about  parameters  <Xe 

th2aL^1  '  1  andap. 
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^  cos  A  igE!  +  E  2  cos  A  igE  2  ^ 

is  the  phase  of  dynamic  part  of  thermo-e.m.f. 

The  graphs  of  an  frequency  dependence  of  thermo-e.m.f.  am¬ 
plitude  and  their  phases  for  p-Ge  (a-1  mV/K  [4])  are  shown 
on  figure  2,  3. 
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Abstract  where  *+  _  ^~‘p»  ^ 

It  has  been  shown  that  eddy  thermoelectric  currents  could  z#  ~  p"  J  +  L  Cl°  2b ' 

be  used  for  conducting  inhomogeneous  and  anisotropic  "  v 

media  parameters  determination.  Eddy  currents  flowing  in  A T/2b  is  the  temperature  gradient,  <x„,  aP  are  a  film  and  a 
a  media  bulk  lead  to  surface  electric  potential  distributions  substrate  Seebeck  coefficient,  Lpn  and  Lnp  are  diffusion 
which  are  used  for  undestroyed  test  methods.  lengths  for  holes  and  electrons,  Pp  is  equilibrium 

Methods  and  devices  for  eddy  currents  excitation  and  concentration  of  holes  in  the  p-region,-  Pn  is  equilibrium 
measurement  have  been  described.  concentration  of  holes  in  the  n-region. 


Introduction 

Eddy  thermoelectric  currents  (ETC)  appear  in 
inhomogeneous  and  anisotropic  media  under 
nonisothermal  conditions  [1-3].  Similar  to  the  Foucault 
currents  in  electrical  engineering,  ETC  are  usually  an 
undesirable  phenomenon  in  thermoelectric  devices. 

They  result  in  additional  heat  losses  due  to  the  Joule  heat, 
decrease  thermoelectric  devices  voltage  and  efficiency.  The 
present  work  examine  the  possibilities  of  ETC  use  for 
material  parameters  measurement.  Measuring  devices 
based  on  ETC  usage,  namely  heat  flow  detectors  and 
radiation  sensors  are  described. 

Measurement  of  layer  structure  parameters 
ETC  and  related  transverse  EMF  were  studied  in  Refs.  [1- 
4,6].  ETC  (Fig.2,3)  and  transverse  EMF  (Fig.4)  appear  in 
two-layer  plates  (Fig.  1)  if  temperature  gradient  is  directed 
along  layers  interface. 


Fig.  1 .  A  zone  -  inhomogeneous  plate.  A  and  B  are 
materials  with  electrical  conductivity  cta  and  ctb  and 
coefficients  of  Seebeck  <xa  and  <xb,  1 ,  2  are  measuring 
probes. 

Calculation  of  the  transverse  thermo-emf  in  a  two-layer 
plate  with  p-n  junction  has  been  made.  The  following 
expression  has  been  got 


V, 


AT 

2b 


8b 

/  N 

Lpn  1,1 

.  Tty 
sin  — 

y  *2Z0 

L-sh^  Sh^ 
26  2b) 

lb 

(1) 


Fig.  3.  Density  of  thermoelectric  current  crossing  the 
interface  of  two  zones  at  (xa  =  700  pV/K,  aB  =  700  pV/K, 
cta  =  ctb  =  1.42  10  Ohm-1  cm-1,  dT/dx  =  4  K/cm,  tg/tA  =  5, 
l/(tA  +  tB)  =  1.5 

Analysis  of  expression  (1)  shows  that  at  b  »  a  +  d  the 
second  term  in  the  braces  is  small  for  a  wide  range  of 
P/Pm  Lpr/L„pi  relations  so  V±  for  the  majority  of  crystals  is 
determined  within  accuracy  exceeding  the  experiment 
accuracy  only  by  the  difference  of  a  film  and  substrate, 
Seebeck  coefficient,  crystal  length  and  temperature 
gradient: 
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r 


a„  -  «„ 

VL  =  "  '—ATy.  (2) 


El^V 


Fig.  6.  Temperature  distribution  along  the  interface  of 
contacting  media  at  axially  symmetrical  temperature 
distribution. 


Fig.  4.  Distribution  of  transverse  thermo-emf  in  a  zone 
inhomogeneous  plate.  Parameters  are  the  same  as  in  Fig. 
3. 


Fig.  5.  Thermal  contacts  location  on  the  sample. 

By  the  temperature  field  choice  it  is  possible  to  change  the 
value  and  spatial  distribution  of  ETC  in  a  small  volume. 
Under  such  conditions  measuring  of  V±_  in  different 
regions  of  a  crystal  it  is  possible  to  determine  about  the 
epitaxial  layers  homogeneity  degree. 

Fig.5  shows  a  device  for  axially  symmetrical  temperature 
distribution  excitation  in  an  epitaxial  film. 

Fig.6  shows  the  temperature  distribution  profile  in  a 
sample, 

Fig.7  shows  distribution  of  ETC  located  in  a  heater  region 
(a),  distribution  of  transverse  thermo-emf  (b)  and 
temperature  in  an  epitaxial  film. 

Measurements  of  VL  for  epitaxial  films  homogeneity 
determination  is  best  to  use  when  samples  contain  a  low- 
ohmic  substrates.  In  such  cases  standard  probe 
measurement  methods  do  not  provide  necessary  accuracy. 


Fig.  7.  Distribution  of  eddy  current  (a)  and  transverse 
thermo-emf  (b)  at  axially  symmetrical  temperature 
distribution  (c). 


742 


16th  International  Conference  on  Thermoelectrics  (1997) 


Eddy  thermoelectric  detectors  of  IR  radiation 
It  is  well  known  that  a  thermocouple  radiation  detector's 
responsibility  can  be  increased  by  a  couple  thermal 
resistance  decrease  that  results  at  the  same  time  in 
sensitivity  decrease.  With  the  use  of  thermoelements 
generating  transverse  thermo-emf  sensitivity  does  not 
depend  on  a  thermoelement  geometric  size  along  the 
thermal  flow  that  in  principle  removes  restrictions  in 
possibility  to  develop  fast  radiation  detectors  without 
sensitivity  losses.  This  peculiarity  is  used  in  design  of 
radiation  detectors  with  eddy  thermoelements  [1] 
generating  transverse  thermo-emf. 


Fig.  8.  Eddy  thermoelement  us  radiation  detector  :  1  - 
single  crystal  spiral  of  pyramidal  form;  2  -  hollow;  3  - 
thermostat. 

A  detector  diagram  with  an  eddy  thermoelement  is  given 
in  Fig.  8.  Expressions  for  sensitivity  and  time  constant  of 
the  detector  have  the  form 

oa  e^-aj  __  4  % 

—  -  ,  »  ~  ~~  2  ’ 

Ixb  n  a0 

where  ao  is  a  material  temperature  conduction  along  a 
thermal  flow  direction,  k  is  a  material  thermal  conduction, 


a,  b  -  spiral  turn  sizes,  ho  thickness. 

Table.  Parametres  of  radiation  detectors 


CdSb 

-  400  K 

Time 

Detectivity 

Resistan 

Spiral 

constant 

D*,  cm 

ce 

thickness/io, 

T,  s 

Hzl/2W-' 

r,  Ohm 

Uin 

2.2 

7  102 

17.5 

2850 

2.2  10-2 

2.2  102 

175 

285 

2.2  10-4 

0.7  102 

1750 

28.5 

8.9  10-« 

3.2  10« 

8750 

5.70 

2.2  10-« 

2.2  106 

17500 

2.85 

Bi-Sb 

-  300  K 

2.2 

4  10» 

0.005 

6240.00 

2.2  10-2 

1.2  108 

0.053 

624.00 

2.2  10-4 

4  102 

0.53 

62.40 

8.9  10-6 

1.8  102 

2.65 

12.50 

2.2  10-6 

1.2  102 

| 

5.3 

6.25 

Table  presents  parameters  of  detectors  with  eddy 
thermoelements  form  materials  with  anisotropic  Seebeck 
coefficient.  Table  shows  that  these  detectors  at  high 
frequencies  are  competitive  with  the  best  samples  of 
bolometers  retaining  all  advantages  of  thermoelectric 
detectors. 

The  use  of  spiral  eddy  thermoelements  for  IR  radiation 
registration  enable  to  increase  non-selectivity  especially  in 
far  region  of  IR  spectrum  and  decrease  additional  losses 
appearing  at  a  thermal  junction  between  a  receiving  site 
and  a  detector. 


Microcalorimetric  eddy  detectors 

A  spiral  shape  and  transverse  mode  of  operation  are  very 
convenient  for  the  thermoelements  [5]  usage  in 
microcalorimeters  (Fig.  9). 

A  studied  object  is  placed  into  the  spiral  hollow.  Outer 
surfaces  of  the  spiral  are  thermostatted.  Heat  release  or 
heat  absorption  are  registered  by  the  appeared 
thermoelectric  voltages  at  the  ends  of  the  spiral  (2,  3,  4). 
The  use  of  two  spirals  made  it  possible  to  use  a  differential 
diagram. 


N 


Fig.9.  Eddy  thermoelectric  sensor  for  a  microcalorimeter: 

1  -  single  crystal  spiral;  2  -  reaction  chamber  hollow;  3,  4  - 
thermal  insulation  of  the  low  and  top  space  of  the 


Fig.  10.  A  diagram  of  a  microcalorimeter  with  eddy 
thermosensors  [5]:  1  -  liquid  thermostatted  vacuum  bulb;  2 
-  thick-wall  unit  for  outer  thermal  disturbances  equalizing; 
3  -  single  crystal  spirals;  4  -  unit  cover;  5,  6  -  radiation 
shields;  7  -  photo  amplifier;  8  -  windows;  9,  13  - 
fluoroplastic  thrust  bearings;  10  -  electric  contacts;  11  - 
pine  connection  for  evacuation;  12  -  tube  for  pressure 
equalizing  between  calorimeter  and  environment;  14  - 
thermal  unit  [5]. 

Fig.  10  presents  a  variant  of  a  microcalorimeter  with 
spiral  eddy  sensors.  It  has  an  outer  jacket,  radiation 
shields  and  copper  thermostatting  units.  Outer  jacket 
temperature  is  maintained  within  ±  0.01  K.  A  unit  with 
eddy  thermoelements  is  protected  form  the  outer 
influences  by  a  thick-wall  copper  unit  and  two  alumina 
shields.  To  decrease  outer  thermal  disturbance  the  units 
are  symmetrical  with  respect  to  the  reaction  chambers. 
The  device  structure  provides  a  vacuum  protection  from 
outer  thermal  effects.  Eddy  sensors  are  inserted  into 
differential  circuit  and  connected  with  a  galvanometer  of 
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a  photo  amplifier  which  is  built-in  into  the 
microcalorimeter  thermostatted  unit  for  error  decrease. 
Heat  release  compensation  may  be  performed  by  the  use 
of  double  spirals,  one  part  of  which  is  used  for  thermal 
flow  registration,  the  other  for  cooling  or  heating  by  the 
transverse  Peltier  effect  when  electric  current  passed 
through  the  spiral.  Minimum  detected  power  is  10'6  W,  a 
sensor  time  constant  is  1 .5  s,  reaction  chambers  volume  is 
10  cm3,  temperature  range  of  measurements  is  50-150  C, 
internal  resistance  of  sensors  is  10  Ohm.  Single  crystal 
spirals  are  made  of  bismuth.  Microcalorimeter  is  used  for 
registration  of  fast  thermal  processes.  Measurements  can 
be  done  in  any  non  -  aggressive  gaseous  medium  under  the 
pressure  from  5  Atm  to  10"3  mm  Hg  . 
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Abstract 

An  analog  of  the  PMT-2  tube  manometer  thermocouple 
transducer  fabricated  using  thin-film  technology  is  described. 
The  transducer  may  have  a  wider  range  of  application 
because  the  source  and  the  heat  detector  are  separated  and  the 
output  signal  is  higher  due  to  larger  number  of 
thermocouples.  The  transducers  fabricated  on  mica  substrates 
operate  at  pressures  ranging  from  760  to  10"5,  10'1  to  10'3  and 
50  to  1  torr,  those  on  polyimyde  substrates  operate  in  the 
range  of  103  -  102  torr.  The  transducers  have  passed 
mechanical  and  climatic,  a  500-h  time-to-failure,  and  ozone 
tests. 


Introduction 

Existing  pressure  transducers  operate  in  wide  pressure 
ranges.  Their  sensitivity,  however,  is  often  non-linear  and 
too  low.  Although  one  can  correct  for  these  defects  of 
primary  converters  by  using  electronic  devices  and 
computers,  improvement  of  thermoelectric  pressure 
transducers  is  also  possible  [1-3].  The  aim  of  this  work 
was  to  develop  a  device  similar  to  the  PMT-2  thermocouple 
manometer  transducer  and  to  improve  its  structure  and 
parameters  using  thin-film  technology. 

Background 

The  sensitive  element  of  the  unified  film  transducer  on  mica 
or  polyimyde  substrate  contains  a  current-heated  resistor 
and  a  package  of  thermocouples  instead  of  wires  of  the 
PMT-2  transducer.  Given  the  thin-film  technique  of 
transducer  production,  separation  of  the  heat  source  and 
detector,  and  a  package  of  several  thermocouples  (Fig.  1),  its 
parameters  may  be  varied  over  a  wide  range.  The 
parameters  were  optimized  by  varying  separation  between  the 
sensitive  element  and  the  vacuum  case  walls  (the  walls 
may  be  either  polished  or  black),  the  substrate  thickness, 
the  distance  between  the  resistor  and  the  thermocouple 
package,  and  the  number  of  thermocouples  in  the  package. 
The  upper  measurable  pressure  is  reached  when  the  gas 
thermal  conductivity  become  independent  from  pressure, 
i.e.,  the  mean  free  path  of  gas  molecules  is  shorter  then 
the  distance  between  heat-exchanging  surface.  The 
upper  measurable  pressure  can  be  increased  by  decreasing 
the  distance  between  the  surfaces  (the  highest  measured 
pressure  is  0.1  torr  when  the  separation  is  -1  cm  and  1  torr 


with -1mm).  The  lower  limit  of  the  measured  pressure 
is  reached  when  heat  transfer  through  gas  becomes  negligible 


Fig  1:  Diagram  of  the  film  manometer  thermocouple  transducer: 
1)  thermocouple  package  contact  pads;  2)  resistor  paths;  3) 
resistor;  4)  p-  branch;  5) «-  branch  of  the  thermocouple  package. 

as  compared  to  the  radiative  heat  exchange.  The  lowest 
measurable  pressure  can  be  decreased  by  increasing  the 
distance  between  the  surfaces  exchanging  heat  (the  limit  is 
10'5  torr  when  the  distance  is  1  cm  and  10'3  torr  when  the 
gap  is  1  mm  wide).  The  heat  transfer  through  thermal 
conductivity  is  minimal  at  the  lowest  measurable  pressure 
(the  radiative  heat  transfer  is  practically  constant  over  the 
entire  range),  and  the  temperature  of  the  resistor  and 
thermocouple  hot  junctions,  and  the  total  thermal  emf  are  the 
highest.  The  total  thermal  emf  can  be  made  equal  to  10  mV 
in  order  to  match  the  device  to  common  electronic 
potentiometers  [4].  In  order  to  find  the  output  thermal 
voltage  as  a  function  of  pressure  at  various  distances 
between  the  heater  and  hot  junctions  of  the  thermocouples  (X 
in  Fig.  1)  and  the  separation  between  the  sensitive 
element  and  the  chamber  walls,  the  heat  exchange  has  been 
calculated  on  a  computer.  The  model  is  based  on  the 
stationary  equation  of  heat  conductivity  with  radiation  taken 
into  account.  The  following  parameters  were  assumed  in  the 
model:  the  power  released  in  the  resistor  was  0.5  W,  the 
number  of  thermocouples  n=15,  the  thermal  emf  Ote=100 
pV/K,  the  substrate  thermal  conductivity  &s=0.03  W/cm'K, 
the  substrate  thickness  4=1 5  pm. 

The  calculations  presented  in  Fig.  2  show  that  with  the 
increasing  distance  between  the  heater  and  hot 
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Fig  2:  Computed  characteristics  of  film  thermocouple  transducers 
at  various  distances  between  the  transducer  and  the  case  walls  a) 
lcm;  b)  0.1  cm;  c)0.0015cm;  and  between  he  resistor  and  hot 
junctions  ofthermocouplesl)-0;  2)-0.2;  3)-0.5;  4)-l  cm. 

junctions  of  thermocouples,  the  upper  measurable  pressure 
rises  and  the  measurable  pressure  range  widens,  but  the 
output  thermal  emf  drops;  it  is  more  sensitive  to  the  distance 
between  the  heater  and  thermocouples  than  between  the 
heat-exchanging  surfaces. 

The  signal  drop  is  compensated  for  by  increasing  the 
number  of  thermocouples.  With  the  thin  film  technology, 
it  does  not  make  the  fabrication  process  more  labor¬ 
consuming  because  a  new  mask  resolves  all  problems. 
Mica  (muscovite)  plates  and  polyimyde  film  were  used 
as  substrates.  Mica  has  sufficient  strength,  low  thermal 


conductivity,  and  perfectly  structured  smooth  surface. 
Polyimyde  film  is  thin  and  highly  resistant  against 
chemical  agents.  Both  materials  have  fairly  high  adhesion 
to  the  selected  film  materials  provided  that  the  deposition 
and  pumping  regimes  are  optimized  and  films  of  optimal 
thickness  are  deposited.  The  upper  layers  were  deposited 
under  a  temperature  below  that  of  the  lower  layers. 

The  contact  pads  and  current  paths  were  produced  from 
copper  on  a  chrome  underlayer,  the  resistor  was  fabricated 
from  bismuth  [5],  the  thermocouple  package  from  bismuth 
and  antimony  [6,7],  and  the  protecting  layer  from 
germanium  oxide.  The  circuit  shape  was  defined  by 
deposition  through  a  mask  made  by  photolithography  from 
beryllium  bronze  foil  50pm  thick. 

The  substrate  holes  are  made  by  a  calibrated  drill  with  a  jig. 
The  masks  are  set  in  mask  and  substrate  holders  on 
pins.  The  transducer  elements  coincide  to  within  +10pm. 
The  film  geometry  and  electric  parameters  were  checked  in 
process  using  a  "witness". 

The  film  resistor  ~lpm  thick  has  a  width  of  0.6  mm  and  0.4 
mm.  The  film  thermocouple  elements  ~lpm  thick  have  a 
width  of  0.6  mm,  are  spaced  at  0.4  mm  their  branches  overlap 
in  junction  over  0.4  mm.  The  protecting  layer  has  a 
thickness  of  1  mm,  the  contact  pads  are  not  protected.  The 
distance  between  the  heater  and  the  junctions  is  0. 1  mm  to 
several  millimeters,  depending  on  the  desired  range.  The 
number  of  thermocouples  was  up  to  fifteen,  the  distans 
between  the  sensitive  element  and  the  case  walls  is  2-3  mm. 

The  film  structures  were  annealed  in  order  to  stabilize  the 
microstructure  [5-7],  A  current  of  100  mA  was  passed 
through  the  transducer  for  24  h. 

The  sensitive  element  is  set  in  a  separate  case  with  a  lid 
connected  to  a  gas-filled  or  vacuum  volume  via  a  sealed 
connection,  as  in  PMT-2.  The  current  (connected  to  the 
resistor)  and  potential  (to  the  thermopackage)  leads  are 
passed  through  cover  seals  and  a  case  connector  and 
welded  to  the  sensitive  element  contact  pads  on  the 
assembly  holder.  The  transducer  is  set  vertically  with  the 
resistor  in  the  top  position  in  order  to  decrease  the 
convection  at  the  upper  measurable  pressure. 

AB018P  reference  manometer,  and  PMT-2  and  LM-2  tubes 
were  used  to  calibrate  the  transducer.  The  rated  heating 
current  through  the  resistor  (several  or  tens  of  milliamperes) 
was  adjusted  so  that  the  dial  limit  correspond  to  10  torr 
(10  mV)  or  760  torr  (1  mV).  The  possibilities  of  measuring 
pressure  using  one  transducer  in  both  manometer  (>3 
atm)  and  vacuummeter  (<10'5  torr)  modes,  and  of 
transducer  fabrication  for  required  measuring  range  have 
been  checked  (Fig.  3). 

The  transducers  made  on  mica  substrate  20  ±  2pm  thick  for 
the  ranges  of  760-10'5  torr,  lO'MO'3  torr  and  50-1  torr  and 
on  polyimyde  film  20pm  thick  for  the  range  of  103-102  torr 
have  been  tested  for  500  h.  The  transducers  retained  their 
parameters  after  being  subjected  to  25  Hz  vibrations  with  an 
amplitude  of  up  to  0.1  mm,  and  after  exposure  to 
temperatures  of  +60  and  -40°C  and  an  ambient  with  a 
relative  humidity  of  80%  at  35°C.  The  transducers  operated 
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Fig  3  ;  Measured  characteristics  of  the  film  thermocouple 
ransducers  for  the  ranges:  a)  760-1 0"5,  b)  10'1  - 10'3  and  c)  50  - 1 
torr. 

for  a  long  time  in  a  device  for  ozone  analysis,  which  may 
characterize  them  as  fairly  reliable. 
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Abstract 

It  has  demonstrated,  that  the  thermocouple  with  strong 
dependence  of  the  thermoelectric  parameters  can  be  in  the 
regime  of  the  temperature  instability.  The  criterion  of  the 
instability  origin  has  calculated  in  the  case,  when  the  Joule 
heat  flow  to  the  external  junctions  is  absorbed  by  the  Peltier 
effect  and  the  temperature  deviations  of  thermoelectric 
parameters  can  strongly  break  the  heat  balance.  In  this  case 
only  the  Seebeck  coefficient  temperature  dependence  and  the 
thermocouple  figure  of  merit  value  determine  the  instability 
criterion.  The  thermocouple  in  the  insatiable  regime  can  be 
used  as  a  memory  cell,  a  temperature  amplifier  and  a 
temperature  element  very  sensitive  to  the  voltage. 

Theory 

This  report  presents  an  analysis  of  temperature  instability  of 
the  thermocouple  (TC)  with  strong  temperature  dependence  of 
the  thermoelectric  parameters.  Let  us  consider  TC  with  the 
some  thermostabilized  junctions  and  the  other  external 
junctions,  which  temperature  depends  on  the  external  heat 
flow,  the  electric  current  in  TC  and  thermoelectric  parameters. 
TC  supply  voltage  supposed  to  be  constant.  Let  dT  is  a 
deviation  of  the  external  junctions  temperature,  owing  to  a 
fluctuation  or  a  small  thermal  signal,  and  dQ  is  a 
corresponding  heat,  emanated  or  absorbed  in  these  junctions 
due  to  the  change  of  the  current  I  and  the  change  of  the 
thermoelectric  parameters.  The  instability  can  be  realized  if  dT 
and  dQ  have  the  same  sign  (or  dQ/dT>0 )  [1].  Really,  in  this 
case  the  temperature  growth  causes  the  heat  growth,  that  in 
turn  causes  the  further  temperature  growth  and  so  on. 

Let  us  calculate  the  expression  for  dQ/dT.  For  simplicity 
we  neglect  the  heat  exchange  of  TC  with  surroundings.  The 
initial  equations  are;  the  thermal  balance  at  the  external 
junctions 

Q  =  \j2R-  aJT  -  KA  T  ;  (1) 

^  2 

and  the  Ohm  law  for  TC 

U  =  JR-aAT  ;  (2) 

Here  R,  a  and  K  are  the  TC  electric  resistance,  Seebeck 
coefficient  and  thermal  conductivity  of  thermocouple 
respectively,  AT  =  T-T{),  T  and  T0  are  the  temperatures  of  the 
external  and  thermostabilized  junctions. 

It  is  interesting  to  consider  the  instability  in  the  case,  when 
the  Joule  heat  flow  to  the  external  junctions  is  completely 
absorbed  by  the  Peltier  effect.  In  this  case  the  temperature 
deviations  of  thermoelectric  parameters  can  strongly  break  the 
heat  balance  at  the  external  junctions  and  cause  the 
considerable  variation  of  junctions  temperature.  The 


compensation  of  Joule  and  Peltier  heats  take  place  when  AT= 0 
and  the  electric  current  is  2 Im.  Here  Im=aT/R  -  the  current, 
corresponding  to  the  maximal  temperature  drop  in  TC.  In  this 
case  from  ( 1 )  and  (2)  we  get: 

dQ  _  a2r (  _1_  d\na\ 

lT  =  ~  R  l [+  zT  +  d\nTJ  ’ 


It  follows  from  (  3  )  that  temperature  instability  (  dQ/dT>0  ) 
exists  ,when  the  logarithmic  derivative  dlna/dinT  has  the 
negative  sign  and  its  absolute  value  is  more  than  1+1/zT.  Then, 
the  TC  state  with  AT  =  0  is  instable  and  TC  have  to  pass  to 
one  of  stable  states:  AT> 0  and  AT< 0.  Such  TC  can  act  as  a 
memory  cell. 

If  /  =  2 Im  and  d\na/dinT  «  -(1  +  MzT)  the  derivative 
dQ/dT  has  a  small  value  and  the  temperature  of  external 
junctions  is  very  sensitive  to  the  thermal  signal.  Such  TC  can 
act  as  a  temperature  amplifier.  In  these  conditions  TC  has 
another  interesting  properties.  So,  the  calculation  shows  that  in 
the  case,  when  J=2Jm  and  <71na/<71n7«-(l+l/z7)  the  derivatives 
dT/dU  and  dT/dT0  aspire  to  infinity. 

For  example  the  derivative  dT/dU  is  expressed  as: 


dT 

dU 


1 


a 


f  1  d\nad 
l  zT  Jin  77 


(4) 


Therefore  the  temperature  of  the  external  junctions  is  also  very 
sensitive  to  the  supply  voltage  and  the  thermostabilized 
junctions  temperature  deviations. 

Practical  realization  of  TC  instability  effects  requires  a 
special  elaboration  of  thermoelectrics,  having  sufficiently  high 
value  of  zT  and  high  negative  value  of  d\noJd\r\T.  Such 
properties  can  have  for  instance  the  Bi2Te3  -  based  materials 
in  the  region  of  a  intrinsic  conductivity  beginning.  In 
accordance  with  [2]  at  400K  for  p-Bi2Te3  values  of  1  +  1  IzT 
and  d\na/d\nT  can  be  4,3  and  -4  respectively.  The 
thermoelectrics  with  phase  transition  such  as  Cu2Se  [3]  also 
can  be  useful. 
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Abstract 

Thermoelectric  signal  appeared  in  the  result  of  the  propagating 
the  rectangular  thermal  flux  through  the  geometrically  bounded 
sample  has  been  theoretically  investigated.  The  possibility  of 
obtaining  of  the  thermal  diflusivity  by  thermo-e.m.£  maximum 
registration  is  shown. 

Last  years,  the  experimental  method  based  on  transient 
thermoelectric  effect  (TIE)  became  widespread  forthe  determine 
different  electrophysical  and  relaxation  parameters  of 
semiconductors  [1].  Mth  it’s  aid  it  was  succeeded  to  understand 
the  electron's  and  hole's  kinetic  properties  in  S^GaAs, 
quasitwodimensional  materials  Y-M04OJ1,  narrow  gap 
semiconductors  Bi2_xSnxTe3.  Qnit’s  base,  most  probable  band 
model  of  the  solid  solutions  Sb2„xhixTe3  and  Sb2Te3.xSex  has 
been  proposed.  An  idea  of  this  method  is  simple  and  consists  of 
measuring  thermoelectric  voltage  appeared  as  a  result  of  short¬ 
term  thermal  disturbance,  caused  by  absorbtion  of  the  energy 
impulse  of  the  incident  electromagnetic  radiation,  as  a  rule  -  laser 
radiation.  Detected  thermoelectric  signal  carries  on  the 
information  about  medium  thermal  parameters,  relaxation 
characteristics,  lite  absorbtion  factor  etc. 

One  of  the  many  important  theoretical  problems  concerning  TTE 
is  calculation  of  the  non-stationary  and  inhomoheneous  thermal 
fields  in  bounded  samples  and  corresponding  thermoelectric 

responses.  Just  this  is 
the  problem  this  work 
devoted  to. 


Q' 

1 

Q. 

0 


fig.1 


Let  the  pulse  of  the 
thermal  flux  with  the 
value  Qq  and  duration 
x  Ms  on  flie  surfase  x 
=  0  of  homogeneous 
and  isotropic  sample 
parallelepiped-shaped 
(fig.  1).  Right  surfase  x = 1  is  hold  under  the  constant  temperature 
Tq.  The  lateral  sides  are 
adiabaticaly  isolated  heat  insulation 
(fig.2).  To  simplify  we 
will  consider  all  thermal 
flux  is  absorbed  on  the 
sample  surfase,  electron 
and  phonon  temperature 
are  equal  and  kinetic 
coefficients  are  not 
depend  on  temperature. 

To  determine  temperature  T(x,t)  let’s  use  well-known  heat 


conduction  equation 

d2T(x,t)  _  1  cT(x,t) 

c*2  ~P  *  ’ 


(1) 


Here  P  _  pC  *s  thermal  diffusivity,  k  is  the  thermal 

conductivity,  p  is  the  density  and  c  is  the  specific  heat  capacity. 
It  is  convenient  to  model  file  considerable  problem  by  two  heat 
processes: 

1.  When  0  <  1 5 1,  the  boundary  and  initial  conditions  for  the 
equation  are: 


-  K 


dT 

dx 


=  Qo 


x=0 


T(x,t)|x=1  =  T0 
T(x,t)|t=0  =T0 


(2) 


2.  When  t  >  x,  corresponding  boundary  and  initial  conditions 
are  the  following: 


f  - 

^  x=0 

T(x,t)|x=,  =  T0 
T(x,t)|t=t  =  T((x,t) 


(3) 


At  a  moment  t  =  X  thermal  flux  ends.  The  initial  temperature  in 
this  process  is  the  same  as  the  final  temperature  T1(x,t=x)  in  the 
previous  process. 

The  solution  of  the  equation  (1)  may  be  presented  by  the  next 
expression: 

T(x,t)  =  A  +  Bx  +  X(x)U(t),  (4) 

where  A,  B  are  unknown  constants;  X(x),  U(t)  are  unknown 
functions.  Finally,  inserting  (4)  into  (1)  and  using  (2),  (3)  the 
following  expression  for  the  temperature  could  be  obtained: 


0-7803-4057-4/97  $10.00  ©1997  IEEE 


749 


16th  International  Conference  on  Thermoelectrics  (1997) 


where  q(t-x)  is  the  Heaviside  function  [3], 

n  IX  y  >  o.  l2 

T)(y  I  =  S  _  x  =  ~z  is  the  characteristic  parameter  that 

|0,  y  <  0;  1  p 

has  a  meaning  of  the  thermal  conductivity  process  relaxation 
time. 

Estimations  show,  the  series  in  (5)  convergent  slowly  when  t « 
Tj  and  are  equal  to  their  first  terms  with  the  good  precision  when 


t>0,lXj. 

In  a  general  case,  two-dimensional  dependence  T(x,t)  is  shown 
on  fig.3. 


second  case  the  graphs  are  shown  on  the  fig.6,7. 


figure  4. 


As  a  example  Si  (a  =  0,4  mV/K.)  was  taken  [1J,  under  Tq  - 
300K,T  =  1*10'®  sec,  1=  1  cm. 

It  is  easy  to  see  that  in  general  case  the  function  T(x,t)  is  non¬ 
linear  on  both  arguments.  As  for  the  argument  t  the  function  is 
non-monotonous  on  it.  Evidently  these  singularities  have  to  be 
reflected  on  the  character  of  the  thermoelectric  voltage  appeared 
in  the  sample. 

Let  us  illustrate  the  dynamic  of  die  temperature  response  in  the 
sample.  There  are  two  cases  that  are  interest  to  observe:  X,  >  X 
and  x,  <  X.  In  the  first  case  when  t  <  x  the  graphs  of  temperatures 

|  ZZ  ‘I®  3 1  are  shown  on  die  figure  4  (t,=0,lx,,  tj”0,5x,, 

vvo  ' 

t=0,7x),  and  when  t>x  on  fig.5  (t  =l,lx,  t  =l,3x,  t3=2x).  In  the 
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figure  7. 

Limiting  ourself  by  quasistationary  approximation  with  the 
condition  of  open  circuit  (no  load  regime),  generating 
thermoelectric  voltage  could  be  determine  as: 


dT(x,  t) 
dx 


dx, 


(6) 


where  a  is  the  thermoelectric  voltage  coefficient. 

With  the  initial  conditions  of  the  problem,  using  (5),  it  is  easy  to 
receive: 


The  thermoelectric  voltagies  accounted  for  the  unit  of  die  heat 
E(t)  f mkV 


flux  e(t)  - 


Qo  V  Q0 

between  t  and  Tj  is  shown  on  figures  8,9,1 0. 


for  different  correlations 


figure  9.  X  =  T, 


figure  10.  T  =  10*T, 

Characteristic  pecularity  of  those  graphs  is  the  presence  of 
thermoelectric  voltage  maximum,  that  appears  each  time  whent 
=  X.  When  t  is  large  (t  »  Tj)  maximum  degenerates  into 
horizontal  plateau,  that  is  entirely  coordinates  with  the  qualitative 
physical  view.  When  t  ->■  co  the  problem  is  reducing  to  the 
determination  of  thermoelectric  voltage  when  the  incident 
radiation  is  continuous. 

The  registration  ofthat  thermoelectric  voltage  maximum  allows 
to  obtain  the  information  about  different  substance  parameters. 
The  situation  is  the  most  simple  in  those  cases  when  the  series 
could  be  approximated  by  file  first  terms.  Really,  in  that  case  (7) 
reduces  to: 


E(t)  =  <x^-1- 

K 


+  T1(t-T)a<kl- 


-i  +  4rc~4  Xl 
*2 


>+ 


*2  t-T 


\-±.t  4 

x2 


(8) 


figure  8.  T  =  0,1  *T1 
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and. 


References 


MaxEi(t)-a^l 


•1  +  -4 -e  4  ,1 

n2 


(9) 


From  the  expression  (9)  follows  that  when  we  know,  for  instance, 
the  values  Q0, 1,  t  and  max  E|(t)  we  can  trivially  obtaine  the 
parameter  Tj  (and  that  means  that  we  can  obtaine  thermal 
conductivity  factor  p  too).  Or,  knowing  the  other  set  of  the  values 
and  max  Ej(t)obtained  in  experiment  we  can  obtaine  the  sample 
width,  the  intensity  of  the  incident  radiation,  etc. 
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Abstract 

We  demonstrate  the  experimental  fact  that  in  Au/p- 
Ge  junctions  which  are  annealed  at  temperatures  close  to 
that  of  eutectic,  the  voltage-power  characteristic  of 
thermoelectromotive  force  in  microwave  electric  fields 
deviates  from  the  linear  law.  Even  more,  at  certain  range 
of  lattice  temperatures  it  becomes  non-monotonical  and, 
in  definite  range  of  electric  fields,  the  inversion  of  its  sign 
is  observed.  We  attribute  this  phenomenon  to  the  hole 
cooling  effect  in  microwave  electric  fields.  Experiments 
at  various  lattice  temperatures  and  in  transverse 
magnetic  fields  confirmed  the  validity  of  the  model 
suggested.  The  essence  of  the  hole  cooling  effect  in 
germanium  is  described,  possible  features  for  the 
application  are  considered. 

Introduction 

Usually,  the  usage  of  the  1-h  junctions  for  microwave 
power  measurements  is  determined  by  the  fact  that  the 
thermoelectromotive  force  of  hot  carriers  (TEMF) 
arising  on  the  junction  is  directly  proportional  to  incident 
power  of  the  electromagnetic  radiation  [1  and  literature 
cited  herein].  As  a  typical  example  of  such  kind  of 
application  is  silicon  junctions  of  n-  and  p-  type  [2], 
where  the  TEMF  is  linearly  proportional  to  the  incident 
power.  Nevertheless,  such  a  rule  can  not  be 
approximated  as  a  general  law  for  the  1-h  junctions 
produced  on  the  base  of  the  different  materials.  Under  a 
certain  conditions,  however,  the  detected  signal  can 
depend  nonmonotonically  on  the  applied  microwave 
power.  This  circumstance  restricts  the  talk  about  possible 
application  for  microwave  detection,  however,  it  reveals 
new  area  for  the  basic  physics.  In  particular,  the  case  of 
n-n+-junctions  in  highly  compensated  n-InSb<Cr>  can 
serve  as  an  illuminating  example  of  this  matter  [3]. 
Experiments  shows  [4]  that  here  at  first,  voltage-power 
characteristics  follows  the  linear  law,  reaches  a 
maximum,  decreases  rapidly  and,  finally,  a  negative 
region  of  the  TEMF  appears.  This  effect  of  a  negative 
detected  signal  was  attributed  to  the  electron  cooling 
effect  [3].  Since  the  TEMF  reflects  the  behaviour  of  the 
mean  carrier  energy,  it  means  that  the  latter  can  be  lower 
than  the  equilibrium  one.  For  the  observation  of  the 
carrier  cooling  effect  the  strong  scattering  of  the 


momentum  of  low  energy  electrons  by  complexes  of 
ionised  impurities,  the  dominance  of  optical  phonon 
emission,  and  negligible  electron-electron  interaction  are 
necessary.  The  essence  of  the  phenomenon  can  be 
described  in  the  following  way.  An  electric  field 
accelerates  electrons  in  a  passive  region  of  the  k-space. 
When  the  electrons  reach  the  energy  of  an  optical 
phonon,  the  emission  of  the  optical  phonon  occurs,  the 
electrons  lose  all  its  energy  and  get  in  the  state  with 
energy  close  to  zero,  Le.  in  the  bottom  of  random  valleys. 
Due  to  additional  scattering  of  electrons  by  the 
complexes  of  ionised  impurities,  electrons  remain 
localised  in  the  neighbourhood  of  the  conduction  band 
bottom,  where  their  mobility  is  low.  For  that  reason  the 
mean  energy  of  electron  gas  becomes  smaller  than  the 
equilibrium  value. 

In  a  given  communication  we  report  on  the  experimental 
findings  in  Au/p-Ge  junctions.  We  determined  the 
conditions  suitable  for  detection  of  microwave  power  and 
the  circumstances  enabling  the  TEMF  exhibit 
nonmonotonical  dependence  on  the  incident  microwave 
power. 

Samples  and  technique 

Samples  under  test  were  prepared  from  germanium  of  p- 
type  with  specific  resistance  of  30  Q-cm.  Small  area  Au/p- 
Ge  junctions  were  made  by  electrochemical  deposition  of 
gold  with  subsequent  annealing  in  the  H2  atmosphere  for 
10  minutes  at  350  °C.  The  carriers  were  heated  by  a 
microwave  electric  field  with  frequency  of  10  GHz.  In 
order  to  avoid  crystal  lattice  heating,  the  duration  of  the 
pulses  was  up  to  a  few  microseconds,  while  the  repetition 
rate  was  40  Hz. 

Experimental  results  and  discussion 

Recent  investigation  of  microwave  signal  detection  using 
small  area  1-h  junctions  made  on  the  bases  of  p-Ge  with 
annealed  Au  contacts  at  different  annealing 
temperatures  revealed  the  non-traditional  behavior  of 
detected  voltage  depending  on  the  value  of  microwave 
power  [5].  We  bear  in  mind  the  fact  that  the  shape  of 
the  TEMF  power  dependence  is  strongly  defined  by  the 
annealing  temperature  of  the  junction.  If  junctions  are 
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not  annealed  or  the  annealing  temperature  are  far  below 
/above  than  that  of  eutectics,  voltage-power 
characteristics  follows  the  linear  law.  Consequently,  such 
a  junctions  are  suitable  for  the  detection  of  microwave 
power  [6],  and  the  reason  of  choice  is  determined 
whether  the  sensitivity  fulfils  the  desirable  requirements 
or  not.  However,  when  the  junction  is  annealed  at 
temperature  close  to  the  eutectic  one  (Tau-Gc=3^  °C), 
the  TEMF  at  low  lattice  temperature  began  to  depend  on 
the  incident  power  nonmonotonically.  Namely,  these 
peculiarities  and  related  effects  are  focus  of  our  attention 
in  this  paper. 

Figure  1  depicts  the  dependencies  of  the  detected  signal 
on  the  applied  microwave  power  at  different  lattice 
temperatures.  It  is  seen  that  the  TEMF  has  the  region 
where  its  sign  is  negative.  If  the  change  of  mobility  in 
electric  fields  is  negligible,  then  the  behaviour  of  the 
TEMF  signal  directly  reflects  the  change  of  the  mean 
electron  energy.  Following  the  scenario  developed  in 
[3,4],  we  attributed  the  existence  of  the  negative  region 
of  the  TEMF  to  the  hole  cooling  effect.  Hence,  we 
suppose  that  the  holes  after  optical  phonon  emission  are 
localised  at  the  tops  of  the  valence  band,  randomly 
modulated  by  the  inhomogeneities  occurring  during 
eutectic  process  in  the  junction.  Therefore,  it  is 
reasonable  to  suppose  that  elimination  of  one  of  these 
reasons  (random  potential  or  optical  phonon  emission) 
should  lead  to  the  destruction  of  the  effect. 

One  of  the  ways  to  change  the  carrier  concentration,  and, 
correspondingly,  the  screening  of  the  random  barriers,  is 
the  variation  of  the  lattice  temperature.  The  hole 


Fie.  1:  The  dependence  of  detected  voltage  on  the 
applied  microwave  power  at  different  lattice 
temperatures 


mobility  in  our  case  increases  more  than  one  order  of 
magnitude  getting  down  from  the  room  temperature  to 
the  liquid  nitrogen  one.  Concentration  effects  become 
pronounced  in  the  vicinity  of  100  K,  therefore,  this 
temperature  can  serve  as  a  guide  for  the  expectable 
effects.  Indeed,  in  our  samples  we  observed  non- 
traditional  behaviour  of  the  TEMF  below  110  K  .  In 
higher  temperatures  the  random  inhomogeneities  can  be 
screened  by  carriers  causing  the  disappearance  of  the 
cooling  effect  .That  is  why  the  negative  region  of  the 
TEMF  on  incident  microwave  power  vanishes  with  the 
increase  of  the  lattice  temperature  (Figure  1)  and  at 
170K  the  dependence  becomes  monotonical.  Although 
the  temperature  dependence  confirms  our  model,  the 
question  concerning  existence  of  random 
inhomogeneities  remains  to  be  clarified. 

As  a  background  for  the  ideology  from  this  point  of  view 
we  used  works  [7,8]  where  the  main  features  of  the  highly 
compensated  or  disordered  semiconductors  were 
determined.  Since  the  current  depends  on  the  applied 
electric  field  by  a  law 

I~exp[-(4  -aE1/2)/kT],  (1) 

where  4  indicates  the  activation  energy  of  Ohmic 

conductivity  ,  (X  is  parameter  of  the  inhomogeneity,  E 
denotes  the  electric  field  strength,  k  is  the  Boltzmann 
constant,  T  stands  for  the  lattice  temperature,  we  have 
measured  the  current-voltage  (I-V)  characteristics  at 
different  lattice  temperatures.  Figure  2  shows  the  I-V 
characteristics  measured  at  room  (light  dots)  and  at 
liquid  nitrogen  (dark  dots)  temperatures.  We  have  found 


Fig.  2:  The  I-V  characteristic  of  the  Au-p-Ge  junction  at 
room  and  liquid  nitrogen  temperatures 
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Fig.  3:  The  dependence  of  activation  energy  of  Ohmic 
conductivity  on  electric  field  strength 

that  the  electrical  conductivity  has  an  activation 
character,  and  these  characteristics  are  very  similar  to 
that  of  disordered  material  [8]  or  highly  compensated 
semiconductors  [9,10].  These  findings  suggested  the  idea 
that  the  inhomogeneities  can  play  an  important  role  in 
studied  junctions  and  be  responsible  for  the  new  effects 
of  the  TEMF  in  microwave  electric  fields.  From  the  I-V 
experimental  data  at  various  lattice  temperature  we 
evaluated  the  dependence  of  activation  energy  of 
electrical  conductivity 

<%=<4-aE1/2  (2) 

on  the  strength  of  electric  field  (Figure  3  shows  the 
relative  activation  energy  dependence  on  electric  field 
strength,  and  <%Q  denotes  the  activation  energy  at  weak 
electric  field).  It  is  clearly  seen  that  the  activation  energy 
decreases  with  increase  of  the  electric  field  as  predicts 
the  percolation  theory  [7]. 

The  temperature  dependence  of  carrier  concentration 
revealed  two  values  of  activation  energy.  At  lattice 
temperature  higher  than  T=120  K  <^=30  meV,  whereas, 
at  lattice  temperature  close  to  liquid  nitrogen  one 
c^=15  meV.  Evaluation  of  the  parameter  of  the 
inhomogeneity  a  at  different  lattice  temperature  from 
eq.  (1)  have  shown  its  strong  temperature  dependence 
(Figure  4).  The  parameter  a  is  related  with  energetical 
and  spatial  quantity  of  inhomogeneity  [7] 

a  =  (0.2  5eaV0),1/2  (3) 

where  e  is  electron  charge,  a  denotes  the  length  of 


Fig.  4:  The  temperature  dependence  of  inhomogeneity 
parameter  a 

inhomogeneity,  and  Vq  is  the  fluctuation  magnitude  of 
random  potential.  Taking  into  consideration  the 
fluctuation  magnitude  equal  to  the  activation  energy 
values,  mentioned  above,  we  have,  that  at  low 
temperatures  holes  feel  inhomogeneities  which  length 
are  <2=30  nm,  while  at  higher  temperatures  a =150  nm. 
We  suppose  that  the  small  barriers  are  screened  ,  but  the 
biggest  ones  being  important  to  the  carrier  transport, 
however,  are  not  sufficient  for  the  existence  of  the  hole 
cooling  effect.  Probably,  due  to  the  low  density  of  big 
barriers. 

As  concerns  another  approach,  i.e.  the  elimination  of 
optical  phonon  scattering,  we  have  measured  the  TEMF 
dependence  on  incident  microwave  power  in  transverse 
magnetic  fields  (Figure  5).  It  is  evident  that  the  negative 
region  of  the  TEMF  with  the  increase  of  the  induction  of 
the  magnetic  field  decreases  and  when  it  reaches  0.5  T. 
the  TEMF  negative  region  is  replaced  by  the  kink  .  It 
indicates  that  the  magnetic  field  prevents  the  holes  to 
reach  the  energy  of  optical  phonon,  i.e.  the  trajectories 
of  holes  are  bent  due  to  the  influence  of  the  Lorenz 
force.  Therefore,  the  energy  gain  from  the  electric  field 
decreases.  The  suppression  of  optical  phonon  emission 
decreases  the  number  of  holes  which  can  reach  the  top  of 
the  random  potential  after  optical  phonon,  emission. 
Consequently  ,  one  of  the  main  mechanisms  of  the 
localisation  is  excluded,  and  the  hole  cooling  disappears. 
This  finding  strengthened  our  consideration  concerning 
origin  of  the  nonmonotonical  behaviour  of  the  TEMF  in 
microwave  electric  fields. 

As  for  application,  the  cooling  effect  seems  also 
illuminating:  Since  it  is  related  to  the  decrease  in  mean 
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Fig.  5: .  The  dependence  of  detected  voltage  on  the 
applied  MW  power  at  different  strength  of 
transverse  magnetic  field 

carrier  energy,  the  decrease  of  the  noise  temperature 
here,  as  in  the  case  of  highly  compensated  InSb  [11,12], 
also  should  be  expected. 


Conclusions 

We  have  examined  the  features  of  the  Au-p-Ge  junctions 
annealed  at  the  temperature  close  to  that  of  eutectic  of 
Au-Ge.  Firstly,  the  thermoelectromotive  force  caused  by 
microwave  electric  fields  of  10  GHz  frequency  depends 
nonmonotonically  on  the  applied  microwave  power.  This 
effect  was  explained  by  the  hole  cooling  in  heating 
electric  fields.  Secondly,  it  was  established  that  the 
increase  of  lattice  temperature  and  transverse  magnetic 
field  destroys  the  hole  cooling  effect  in  germanium. 
Thirdly,  the  parameter  of  inhomogeinety  and  its 
temperature  dependence  is  determined.  Finally,  we  hope 
that  the  experimental  data  presented  here  can  be  usual 
for  practical  purposes. 

We  are  deeply  indebted  to  Dr.  S.  Bumeliene  for  valuable 
discussions. 
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Abstract 

It  is  found,  that  on  the  base  of  the  anisotropic  scattering  theory  for 
monovalley  semiconductor  and  experimental  dates  of  electrical 
conductivity  and  Seebeck  coefficients  measured  at  lower  tempera¬ 
tures  on  pure  single  crystals  of  ZnSb  become  possible  to  evaluate 
relaxation  times  and  effective  masses  of  charge  carries. 

It  is  obtained  analytical  expressions  for  TE  anisotropy  and  com¬ 
ponents  of  Seebeck  coefficients  tensor  for  such  semiconductors 
at  lower  temperatures,  in  which  phonon  drag  effect  predominate. 
Method  are  illustrated  on  example  of  p-type  ZnSb  single  crys¬ 
tals  various  purity. 

Introduction 

The  most  detailed  theoretical  investigation  of  TE  anisotropy  on 
the  base  of  the  anisotropy  scattering  theory  was  developed  by 
Professor  A.G.Samoilovich  more  30  years  ago.  In  this  report  we 
made  the  attempt  to  continue  development  of  this  theory  to  ex¬ 
plain  of  arising  TE  anisotropy  in  semiconductors  at  lower  tem¬ 
peratures,  when  phonon  drag  effect  predominate.  Exactly  such 
type  of  semiconductor  is  single  crystals  of  ZnSb.  This  theory  is 
espacial  utility  in  ZnSb  as  it  removes  the  extremely  large  TE 
anisotropy  in  the  region  of  nitrogen  temperatures.  Namely  in  this 
region  of  temperatures  purest  single  crystals  of  ZnSb  are  suc¬ 
cessfully  used  for  manufacture  of  Samoilovich’s  TE  element. 
This  is  unconventional  TE  element  which  does  not  have  tradi¬ 
tional  junctions  between  two  dissimilar  materials  and  consist  of 
homogeneous  materials  [1,2]. 
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Fig  l.Samoilovich's  TE  element  (a)  in  contrast  to  ordinary  TE  elements  (b,c). 

The  simplest  Samoilovich’s  TE  element  is  shown  in  Fig.  1 .  This 
is  a  rectangular  slice  cut  from  a  single  crystal.  That  one  has  dif¬ 
ferent  components  of  Seebeck  coefficient,  which  distinguish  at 
least  in  two  mutually  perpendicular  directions  :  ay  -  along  the 
principal  TE  axis  component  anda±  -  transverse  to  principal  TE 
axis  component.  The  principal  TE  axis  of  the  crystals  lies  in  the 
plane  of  the  slice  and  makes  an  angle  e.g.  (p=45°  with  the  side 
and  the  end  faces  of  the  slice.  The  upper  and  lower  side  faces  of 
the  slice  have  different  temperatures  T,  and  T0  so  the  tem¬ 
perature  gradient  (VT)  is  parallel  to  the  end  faces  of  the  slice. 
The  length  of  the  slice  a  greatly  exceeds  its  height  b.  Under  this 


conditions,  between  the  end  faces  of  the  slice,  take  place  a  trans¬ 
verse  to  VT  TE  motive  force,  denoted  as  Vx  is  defined  by  equa¬ 
tion  below: 


Fig.  2.  Components  of  electric  conductivity  and 
Hall  tensor  for  pure  single  crystals  of 
ZnSb. 


V^-Aa-ATj,  (1) 

wherein  Aa=(aj|  -a±)  is  TE  anisotropy,  AT=(T1-T0) . 

In  contrast  to  the  isotropic  case  depends  on  the  geometry  factor 
a  /  b .  Currently  ratio  a  /  b  reaches  about  one  thousand .  If  other 
conditions  being  the  same  we  obtain  a  considerable  increase  over 
the  TE  motive  force  of  a  conventional  TE  elements.  Besides, 
ordinary  TE  elements  can  not  perform  such  a  feet  as  direct  mea¬ 
surement  of  temperature  gradient  and  heat  flux  with  tiny  little 
own  thermal  resistance  for  heat  flow. 

Experiment 

We  analyzed  electric ,  thermoelectric,  galvanomagnetic  and  ther- 
momagnetic  characteristics  of  single  crystals  ZnSb  various  pu¬ 
rity.  In  Fig.2  are  shown  electrical  conductivity  and  Hall  coeffi¬ 
cient  as  function  of  reverse  temperature.  At  region  of  tempera¬ 
tures  higher  350  K  extrinsic  conductivity  is  replaced  intrinsic 
one.  Energy  gap  is  estimated  from  these  curves  consist  of  0.56- 
0.59  eV  and  carrier  density  of  ~I016  hole  /cm3  at  T<  200  K 
and  scattering  of  charge  carriers  take  place  mainly  on  acoustic 
phonon  (  mobility  u  -  T‘3/2 ). 


0-7803-4057-4/97  $10.00  ©1997  IEEE 
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Fig.3.  Components  of  Seebeck  coefficient  tensor 
as  function  of  temperature  for  pure  single 
crystals  of  ZnSb 


Fig.4.  Components  of  Seebeck  coefficient  tensor 
as  function  of  temperature  for  single 
crystals  ofZnSb  (p~6  -1016cm"3). 


In  Fig.3  are  shown  an[100] ,  a22[010]  and  a33[001]  as  function 
of  temperature  for  single  crystals  ZnSb  with  p~1016  cm-3.  At 
T<  150  K  arise  essential  TE  anisotropy  Aa=(a„  -a33)=136pV/ 
K  at  90  K  and  Aa=236pV/K  at  80  K. 

Investigation  of  transverse  thermomagnetic  effect  showed  nega¬ 
tive  value  of  Nemst  -  Ettingshausen  coelficients  in  all  region  of 
temperatures.  These  experimental  dates  confirm  that  in  condi¬ 
tion  when  phonon  drag  effect  predominate,  presence  of  charge 
carries  with  anisotropic  effective  masses  reduced  to  consider¬ 
able  TE  anisotropy. 


However  another  behavior  of  components  tensor  of  Seebeck 
coefficients  are  observed  on  single  crystals  of  ZnSb  with  carrier 
density  of  ~  6  1016  holes  /  cm3  ( Fig.  4 ).  Just  as  electric  anisot¬ 
ropy  stays  invariable,  small  difference  in  density  ofcharge  carri¬ 
ers  essential  changes  TE  anisotropy  which  became  practically 
isotropic.  So  TE  anisotropy  has  been  found  sensitive  to  purity  of 
TE  anisotropic  crystals. 


Theory 

First  of  all  we  suppose  the  next  model  :  semiconductor  is 
monovalley,  degeneration  is  absent,  tensor  of  effective  masses  is 
diagonal  and  relaxation  time  is  scalar .  In  this  case  Seebeck  co¬ 
efficient  in  condition  acoustic  phonon  scattering  is  commonly 
expressed  [  3  ]  by  equation  below  : 


a 0 


k  -  '  n/z3 

=  —  2  “111 - rry 

e  2(2  7tmdkT) 


(2) 


where  for  hole  md  =  (ml  *  m2  •  -  average  for  zones  ef¬ 

fective  masses  density  of  state  ;  ra,  ,m2  ,m3  -  components  of 

diagonal  tensor  of  effective  masses  of  the  charge  carriers  in  prin¬ 
cipal  axis. 

To  receive  into  account  phonon  drag  effect  we  change  common 

equation  in  isotropic  case  for  not  in  equilibrium  addition  ri  ph  to 

distribution  function,  which  are  caused  by  phonon  drag  in  case 
of  scattering  on  acoustic  phonon  in  the  next  form  : 

.  v20  dn0^ 

nl,H=Y'Tr>'-fe2rm‘vtV‘T'  (3) 


where  n°  -  equilibrium  distribution  function  of  charge  carriers 
T  ph  -  phonon  relaxation  time, 

D0  -  velocity  of  longitudinal  sound  wave. 

The  components  of  diagonal  tensor  of  Seebeck  coefficients 
caused  by  phonon  drag  effect  in  the  case  of  scattering  on  acous¬ 
tic  phonon  will  have  the  next  form  : 


ph  _  miVo  (T Ph) 

"  "  eT  (O’ 


(4) 


and  accordingly  the  components  of  total  Seebeck  coefficients 
tensor  are  : 


«„=«.+«?•  <5> 

At  scattering  on  acoustic  phonon  relaxation  time  for  holes  scat¬ 
tering  on  acoustic  phonons  have  the  next  expression  [  3  ]  : 
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a 


(6) 


(13) 


rVe’ 


where  a  -  constant  of  interaction  charge  carriers  with  phonons. 
In  our  case  not  so  lower  temperature  (liquid  nitrogen)  and  not  so 


much  density  of  charge  carriers  («10,6cm3 )  T  ph  is  approxi¬ 
mately  phonon-phonon  relaxation  time.  Moreover,  if  anisotropy 
of  effective  masses  is  not  so  much,  it  is  appropriately  select  lon¬ 
gitudinal  acoustic  phonon,  which  is  more  large  in  this  case  the 
transverse  acoustic  phonon  [  2  ]. 


If  this  assumption  is  substantively,  T  ph  can  be  expressed  so  : 


b 

Tr»  =  & 3-  (7) 

Substitution  of  equations  ( 6 )  and  ( 7  )  into  ( 5  )  yields  : 


k 
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2-ln- 


n/t3 


2(2  JtmdkT)m 


■Jnyl  bnti 
2  kmaT112 


(8) 


From  this  expression  it  is  possible  to  obtain  TE  anisotropy  : 


A  a  -a-a 

it  jj 


k  Jxvlbfa-mj) 
e '  2 kvlaTin 


(9) 


From  this  equation  we  conclude  that  TE  anisotropy  is  directly 
proportional  to  the  anisotropy  of  effective  masses .  Consequently, 
to  find  the  TE  anisotropy  it  is  need  to  find  m,,  m2  ,m3. 

If  degeneration  is  absent  electric  conductivity  have  die  next  form 
[3]: 

<*,,=  — •(*),  (10) 
m{ 

where 


<T> 


e  E//kT£mT-de. 


(11) 


So  corresponding  to  equation  ( 6 )  diagonal  tensor  electric  con¬ 
ductivity  is : 


_  4  e2na 

~  yjnkm  jm  '  (12) 

From  (  12  )  for  primary  acoustic  phonon  scattering  ,  e.g.  at 
200  K  <  T  <  300  K  the  ratio  of  components  of  the  tensor  electric 
conductivity  at  T  =  const  are  : 


Crii:(722:(733  - 


_L*_L_L 

wij  m2  m3 


At  the  other  hand,  at  the  same  temperature  Seebeck  coefficients 
are  isotropic  and  determined  by  equation  ( 2  ).  Having  experi¬ 
mental  dates  of  OCe  for  given  T  and  p  it  is  possible  to  find 

md  =  (/ttj  •  m2  •  m3)I/3 .  After  that  using  experimental  dates  of 

G  u  we  can  find  m,,  m2  and  m3.  For  example,  for  ZnSb  with 
p«1016cm*3  at  250  K  (  Fig.  2  )  we 

have:(Jn:CT22:<733  =  1.1:0.93:2.1  (ohm^cm*1). 

Using  ( 13  )  yields  m2/m  =  1.18  ;  m2/m3  =  2.26  ;  m/m3  =1.90. 
At  the  same  temperature  250  K  (X  ~  OCe  ~  800 jlV  IK  so  we 

can  find  md  =  0.86m0  and  finally 

nij  =  m0 ;  nx,  =  1.2  m0 ;  m3  =  0.53  m0  ( 14 ) 

It  must  be  noted,  that  if  measurements  of  kinetic  coefficients  are 
produced  on  doping  crystals  of  ZnSb  it  is  possible  take  place 

mixed  scattering  and  ratio  Gx  x  :G22  :<J33  will  depend  from  tem¬ 
perature  thus  relation  (13)  will  not  be  correct.  So  accuracy  of 
determination  of  effective  masses  will  be  considerably  smaller 

[4].  Substitution  of  experimental  date  of  (722  (  250  K )  =  0.93 
ohm^cm'1  in  ( 12 )  give  the  possibility  to  evaluate  T ac .  Besides 

from  ( 12 )  we  can  have  a  =  2.5  •  10~17  erg 1/2  •  K  •  s . 

Now  we  can  use  equation  (  9  )  to  evaluate  phonon-phonon  re¬ 
laxation  time  T  ph .  Substitution  in  ( 9 )  the  obtained  values  m. , 

a  and  v0  =5*105cm/s  and  experimental  date 
AOC  =  136  jUV  IK  at  90  K  it  is  possible  to  find  b  = 

3- 10-18  erg  AT3  -  s  ■ 

Finally  we  have  the  next  resultant  expression  for  tensor  compo¬ 
nents  of  Seebeck  coefficients : 


1.02  +— lnT  +  1.63  1  07 — 

2  m0Tv2) 


(  15) 


Results 

Using  (15)  we  can  obtain  theoretical  curves  of  various 
components  of  Seebeck  coefficients  tensor,  which  are  shown 
on  Fig.3.  As  a  result  we  have  good  coincidence  theoretical 
and  experimental  dates  in  the  range  of  acoustic  phonon 
scattering  and  quality  description  in  the  range  of  temperatures 
between  80  K<  T  <  150  K  in  which  phonon  drag  effect 
predominate.  In  this  conditions  pure  semiconductor  must  have 
one  constant-energy  ellipsoid.  Obtained  results  of  investigation 
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monovalley  semiconductors  did  not  lose  generality  as  far  as  in 
specific  conditions  multivalley  semiconductors  are  converted  in 
monovailey  one  (  e.g.  it  is  possible  in  the  presence  of  deforma¬ 
tion  ).  TE  motive  force  is  integral  of  all  valleys  phenomenon, 
but  TE  anisotropy  is  degree  of  asymmetry  in  disposition  of 
valleys.  For  example  in  n-Ge  in  ordinary  conditions  TE 
anisotropy  equal  to  zero  because  of  disposition  of  valleys  is 
symmetric.  So  the  simplest  model  of  crystal  with  TE  anisot¬ 
ropy  is  monovalley. 

Conclusions 

Analytical  expression  for  TE  anisotropy  obtained  on  the  base  of 
anisotropic  scattering  theory  is  permitted  to  compare  theoretical 
and  experimental  results  for  pure  single  crystals  of  ZnSb  at  low 
temperatures.  The  most  convincing  evidence  as  to  the  validity  of 
the  proposed  model  is  the  ability  of  the  theory  to  predict  the 
dependence  of  the  TE  anisotropy  correctly.  It  is  allowed  to  ex¬ 
plain  nature  of  TE  anisotropy  at  low  temperatures :  semiconduc¬ 
tor  must  have  one  constant-energy  ellipsoid ,  one  mechanism  of 
scattering  and  region  of  temperatures  in  which  phonon  drag  ef¬ 
fect  predominate.  All  of  them  can  take  place  only  in  TE  aniso¬ 
tropic  single  crystals  with  homogeneous  and  perfect  structure. 
Besides  TE  anisotropy  has  been  found  ultrasensitive  to  discover 
nongomogeneity  and  purity  of  anisotropic  crystals.  The  measure¬ 
ment  technology  of  TE  anisotropy  have  self-dependent  sense  as 
the  way  to  indicate  the  homogeneity  and  quality  of  the  TE  aniso¬ 
tropic  crystals.  Moreover  TE  anisotropy  have  unique  property 
to  stay  independent  of  extremely  action  of  electric  and  magnetic 
fields,  laser  radiation  and  radioactivity.  But  it  is  not  always  valid 
for  individual  components  of  Seebeck  coefficient. 
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Abstract 

Results  of  the  X-ray  method  of  contactless  determination 
of  structural  changes  within  crystals  with  simultaneous 
temperature  distribution  determination  in  it  have  been 
presented.  The  method  of  temperature  distribution 
determination  uses  the  X-ray  topography  based  on  the  use  of 
phenomena  of  diffraction  patterns  change  with  the  change  of 
inter-atom  distance  in  crystals  under  the  temperature  effect. 
Methods  of  double-crystals  spectrometry  and  topographic 
methods  of  Berch-Barrett  and  Lang  the  structural  changes  in 
crystals  are  determined  at  cyclic  temperature  effects  which 
enable  consecutively  observe  aging  and  degradation  processes 
of  materials  under  the  cycling  loads  effect.  Experimental 
methods,  investigation  results,  errors  analysis  have  been 
given. 

Introduction 

Investigation  of  X-rays  dynamic  scattering  in  real 
crystals  with  constant  gradient  of  deformation  presents  a 
particular  interest  because  with  the  help  of  this  simplest  kind 
of  distortions  one  can  determine  the  mechanisms  of 
diffraction  contrast  forming  and  find  a  single-valued  relation 
between  diffraction  image  and  parameters  of  crystal 
deformation  [1-5].  Even  under  mechanical  bending  the 
stimulated  distortions  in  a  crystal  not  always  correspond  to 
real  ones.  As  is  shown  in  [4]  in  the  case  of  mechanical 
bending  the  diffraction  planes  may  be  not  only  turned  but 
bent  that  is  the  reason  of  discrepancy  between  experimental 
and  theoretical  results.  In  the  given  case  three-dimension 
elastic  deformation  is  to  be  discussed. 

The  real  distribution  of  the  deformation  fields  in  a 
distorted  crystal  can  be  obtained  by  an  X-ray  interferometer. 
It  is  known  that  X-ray  interferometry  has  no  equal  by 
measurement  accuracy  of  relative  deformations  and  atomic 
planes  turns.  It  makes  possible  to  observe  fields  of  elastic 
shifts  just  on  diffraction  moire  patterns  and  to  get  reliable 
quantitative  information  about  deformation  and  stress 
distributions  in  a  crystal  [6-9],  A  study  of  structure  moire 
bands  change  on  the  temperature  gradient  value  and  point  of 
application  in  units  of  an  interferometer  has  been  made  in 
[6].  But  in  the  given  case  the  real  distribution  of  shift  and 
deformation  fields  in  a  crystal  do  not  determined  because  of 
structural  moird  bands  presence  in  the  interferometer. 

The  study  of  thermoelastic  fields  of  shift  and 
deformation  appearing  at  the  perfect  interferometer 
temperature  gradient  effect  on  the  analyzer  has  been 
conducted  by  the  X-ray  diffraction  moire  method. 


Experimental  procedure 

A  perfect  X-ray  three-crystal  LLL-interferometer  made 
from  dislocationless  single  crystal  SI  was  used  for  the  given 
problem  solution.  Each  unit  of  the  interferometer  was  420mm 
thick,  25  mm  wide  and  15  mm  high.  Spaces  between  the 
units  were  equal  and  were  4.525mm  (Fig.  1).  The 
investigations  were  conducted  with  the  use  of  reflection 
(220)  in  C«Xa-radiation.  Temperature  gradient  was 
generated  in  the  crystal-analyzer  by  a  thermoelement  placed 
at  0.5  mm  from  the  top  part  of  the  unit.  The  gradient  vector 
was  oriented  in  [112]  direction  along  the  reflecting  planes 
(TlO).  Temperature  was  measured  in  several  points  of  the 
crystal-analyzer  by  thermocouples  for  the  gradient  dT/dy 
values  determination.  The  gradient  value  was  varied  within 
0.29  to  2.4  K/cm.  Interferometer's  units  S  and  M  were 
thermostatted  by  metal  thermal  screen. 


Fig.  1.  Scheme  of  experiment.  S,  M,  A  -  interferometer 
components,  TE  -  thermoheter. 

Investigation  results  and  discussion 

Fig.  2  gives  a  number  of  experimental  interferograms  got 
at  different  temperature  gradient  values  in  a  crystal-analyzer 
of  the  perfect  interferometer.  With  on  temperature  gradient 
the  moire  bands  are  absent  that  is  indicative  of  a  high 
interferometer  perfection.  Moire  patterns  were  got  by 
scanning  along  diffraction  vector.  Interferograms  present  a 
family  of  moire  bands  with  different  period.  With  the 
temperature  gradient  increase  the  moire  bands  periods  are 
decreased  in  the  top  part  of  interferograms.  Moire  bands 
interpretation  is  convenient  to  made  by  Ux  shift  in  values  of 
interplanes  distances  d0. 
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Fig.2.  Experimental  Moire  patterns  got  in  CuATa-radiation. 

A-  dT/dy=0.29YJcm,  B-  0.57  K/cm,  C  -  0.79  K/cm,  D  - 
1.07K/cm,  E  -  1.87  K/cm. 


Under  the  crystal  deformation  by  a  uniform  temperature 
gradient  the  shift  vector  in  the  general  case  has  the  form: 

U  =  r{rVr  {aT}}  -  Oi{(/r)Vr  {aT)\  (1) 


where  a  is  the  coefficient  of  linear  expansion,  T  is 
temperature.  In  the  given  case  the  temperature  gradient  is 
directed  perpendicular  to  the  diffraction  vector  then  the 
component  of  the  shift  field  along  OX  axis  (in  the  direction  of 
the  diffraction  vector)  in  the  Decart  coordinate  system  will  be 


where  'R  is  the  radius  of  the  reflecting  planes  bending, 
ctT 

a —  =  R  l .  A  component  of  the  shift  field  is  the  quadratic 
dy 

function  of  coordinates.  Considering  that  the  moire  band  is 
the  locus  of  similar  relative  shifts  in  the  direction  of  the 
diffraction  vector  (shift  value  equals  to  interplane  distance  of 
the  perfect  lattice  d0)  at  the  distance  equals  to  the  moire  bands 
period  then  U=d0n  +  AUX,  where  n  is  integral  number. 

Change  of  interplane  distance  Ad  under  the  temperature 
gradient  effect  takes  the  form 

Ad(y)  =  dQ[oc^~yj  =d0^.  (3) 


Thus,  under  temperature  gradient  in  the  crystal-analyzer  the 
moire  bands  periods  will  be  ^-coordinate  dependent  and  equal 
to 


A(y) 


Mr)  J n  i 

Ad(y)  °L  a-j'-gradr 


(4) 


Atomic  planes  slope  in  the  deformed  crystal-analyzer  in 
respect  to  undeformed  lattice  equals  to 

0  =  arctg(rt-ao -d-grad  T)  (5) 

and  depends  on  X  (this  dependence  is  fed  into  ri).  Ideally  the 
moire  bands  under  the  uniform  temperature  gradient 
according  to  (4)  must  have  the  form  of  hyperbolic  curves. 

The  similar  conclusions  may  be  obtained  if  to  represent 
atomic  planes  of  the  deformed  analyzer  in  the  form  of  radial 
line  with  some  step  6  proportional  to  AT  and  coefficient  of 
the  crystal  thermal  expansion  a.  Then  in  parametric  view  the 
moire  bands  location  can  be  represented  as 

X  =  Y-tg  [(x/a-n)tp\,  (6) 

where  n  is  integral  number  and  <p  is  the  moire  bands  slope  to 
etalon  grid.  In  the  given  case  a  crystal  lattice  of  the  first  and 
second  crystals  is  taken  as  the  etalon  grid.  But  the 
experimentally  obtained  moire  patterns  are  differed  from 
theoretically  predicted.  Measuring  the  distance  between  moire 
bands  in  Fig.2  and  using  the  relation 

r  o  1-1/2 

A \2  . 

d-A  1+  —  +2— coscp  (7) 

\d0)  do 

we  have  determined  the  relative  deformations  of  atomic 
planes  in  the  analyzer.  Fig.  3  gives  the  dependence  of  atomic 
planes  (Ad/d)  relative  deformations  value  on  temperature 
gradient  along  the  atomic  planes. 


Ad/d.lO*6 


Fig.3.  the  dependence  of  atomic  planes  (Ad/d)  relative 
deformations  value  on  temperature  gradient  along  the  atomic 
planes.  1  -  dT/dy=0.29K/cm,  2-  0.57  K/cm,  3  -  0.79  K/cm,  4  - 
1.07  K/cm,  5  -  1.46  K/cm,  6  -  1.87  K/cm. 


Using  the  experimental  values  Ad/d  one  can  calculate  the 
planar  temperature  distribution  in  the  interferometer  analyzer 
by  the  relation 


where  A„  and  An.j  are  moire  bands  periods  in  different  points 
of  the  interferogram.  The  relation  (8)  shows  that  contactless 
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accuracy  of  AT  is  defined  by  a  measurement.  It  follows  from 
Fig.3  and  moire  patterns  (Fig.2)  that  in  the  case  of  the 
uniform  temperature  gradient  in  the  real  crystal  appears  a 
complicated  bending  of  the  atomic  planes.  Thus,  under  the 
negligible  gradients  for  example,  (dT/dy  -  0.29  K/cm)  when 
the  atomic  planes  deformation  values  are  comparable  with 
deformations  appearing  in  the  regions  of  nonuniform 
impurity  distribution  or  cluster  formations  a  local  bending  of 
the  reflecting  planes  is  observed  (Fig.2a).  When  temperature 
gradient  value  reaches  dTldy^2.9  K/cm,  distances  between 
moire  bands  are  comparable  with  photoemulsion  resolution 
A—  10  mcm.  In  this  case  relative  deformation  reaches  the 
values  Ad/d=2-Ws.  Further  increase  of  the  temperature 
gradient  value  in  the  crystal-analyzer  practically  excludes  the 
possibility  of  the  X-ray  diffraction  moire  method  use  for 
deformation  determination  because  of  small  resolution  of  the 
photo  materials  used.  One  can  extend  the  application  limits  of 
the  interferometer  using  it  as  a  three-crystal  spectrometer. 
Measuring  integral  reflection  intensity  from  planes  ( hkl )  and 
(hkl )  and  taking  into  account  the  deviation  from  the  Fidel's 
law  one  can  determine  the  bending  radius  R  of  the  atomic 
planes  and  consequently,  the  deformation  in  a  crystal  by  the 
procedure  described  in  [10]. 

It  should  be  noted  that  a  thermocooler  operation 
stability  during  the  moire  patterns  receiving  (5-6  hours)  is 
rather  large  and  is  about  0.05  °C. 

Studies  of  crystals  Bi2Te3  homogeneity  have  been  also 
conducted  in  the  present  work  with  the  help  of  X-ray 
interferometer.  The  studied  samples  were  made  as  plane- 
parallel  plates.  If  the  studied  sample  density  is  not 
homogeneous  over  the  whole  volume  then  on  the 
interferograms  moire  bands  are  forming,  period  and  slope  of 
which  is  closely  connected  with  density  distribution  as  other 
phase  inclusions.  So  using  phase  moire  topography  the  study 
of  structural  perfection  of  Bi{Te^  crystals  got  by  directed 
crystallization  and  Czochralski  methods  have  been 
conducted. 

Phase  moire  patterns  offers  the  possibility  to  determine  a 
transverse  bending  in  crystals  which  origin  is  likely 
connected  with  bands  of  growth.  It  was  determined  that 


crystals  got  by  the  Czochralski  method  have  more  perfect 
structure  that  crystals  got  by  other  methods. 

X-ray  interferometry  allows  to  stimulate  any 
interferentic  moire  pattern  (lattice)  with  the  period  less  that 
0.1  mcm  using  photomaterials  with  high  resolution  (X-ray 
photoresist).  Such  use  of  X-ray  interferometry  offers 
possibilities  to  new  technologies  on  diffraction  lattice 
formation  for  integral-optical  devices  with  the  use  of  X-ray 
photolithography. 
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Abstract 

The  possibility  of  conversion  and  registration  of  high 
intensive  radiant  flows  by  transverse  thermo-emf  arose  in 
anisotropic  media  with  different  degree  of  optical 
transparency  has  been  studied.  The  basic  expressions  for  the 
studied  opticothermoelements  as  well  as  thermogenerators 
and  receiving  devices  based  on  the  use  of  the  "transparent 
wall”  method  have  been  obtained. 

The  possibilities  of  practical  use  have  been  analyzed  and 
the  demands  to  materials  properties  have  been  determined. 
The  investigation  results  for  the  first  time  have  allowed  to 
propose  the  method  of  high  density  radiant  energy 
registration.  The  device  performances  as  volt-watts 
sensitivity,  limit  sensitivity,  time  constant,  registration  power 
limit  value,  optical  transmissivity  have  been  received  from 
heat  balance  equation.  Some  constructions  of  optical  and 
infrared  wavelength  radiant  energy  measuring  devices  have 
been  produced. 

Introduction 

The  advantage  of  science  and  technology  has  been 
brought  into  existence  several  sources  which  energy  in  some 
cases  was  highly  conjectural  converted  and  registrated  by  the 
existed  methods.  To  solve  this  problem  the  present  work 
proposes  to  use  media  with  different  degree  of  optical 
transparency.  This  result  in  its  turn  to  the  possibility  of  a  new 
method  of  radiant  flows  registration  called  as  the  "transparent 
wall"  method  based  on  the  partial  absorption  of  the  passing 
radiation  by  transparent  media  with  simultaneous  conversion 
of  the  absorbed  portion  of  energy  by  the  known  thermal 
pyrocalorimetric  effects.  The  conducted  analysis  shows  that 
for  the  radiant  fluxes  of  UV,  visible  and  IR-region  of 
spectrum  the  realization  of  this  method  particularly 
promising  for  the  case  of  the  transverse  thermo-emf 
phenomena  application  [1]  arising  in  anisotropic  media.  This 
provides  the  basis  for  the  production  of  anisotropic 
opticothermoelements  (AOT)  [2,3].  Below  is  given  the  AOT 
theory  and  their  parameters  and  potentialities  are  examined. 

Problem  solution 

Let  us  consider  AOT  consists  of  a  plate  with  the  given 
dimensions  a,  b,  c  from  a  material  that  is  anisotropic  be  the 

A  A 

coefficients  of  thermo-emf  a  and  thermal  conductivity  k  . 

A  A 

Tensors  a  and  k  at  the  system  of  co-ordinates  (X,Y,Z) 
rotated  to  the  angle  cp  in  XOY  plane  in  respect  to  the 
crystallographic  (X',Y',Z')  one  have  the  form 


a(sin2  <p  +  aL  cos2  q> 

( a j  -ax)sin$?cosp 

( a jj  -a±jsin^cos^ 

aa  -sin2  q>  +  aL  cos2  (p 

0 

0 

XT|  sin 2  <p+fc±  cos2  <p 

-/c^shupcoscp 

(*T|  -KTjJsinpcosp 

AT|  sin 2  <p+/c±  cos 2  <p 

0  0 


A  radiant  flux  with  density  q0  is  incident  on  the  upper  surface 
of  this  thermoelement,  it  lower  face  is  in  the  thermal  contact 
with  a  thermostat  at  a  temperature  T=T0.  Lateral  faces  of  the 
plate  are  adiabatically  insulated  edge  effects  therewith  are 
ignored  (  a=c»b)  [4],  Uniform  monochromatic  flux  with 
density  q0  and  wavelength  Aq  passing  through  such  late 
initiates  a  temperature  gradient  and  transverse  thermo-emf 
unambiguously  connected  with  it. 

Temperature  distribution  in  the  plate  is  determined  from 
the  fundamental  law  of  thermal  conduction  at  the  availability 
of  inner  heat  source 


dT  _ _ 1  yi  <gfyj  ^  qv 

dt~  dC^cki  dC’ 


(2) 


where  d  is  density,  C  is  AOT  material  thermal  capacity,  qv  is 
a  quantity  of  heat  released  by  the  inner  sources  in  a  unit 
volume  in  a  unit  time. 

In  case  of  stationary  temperature  distribution  — —  =  0  , 
for  approximations  at,2  <  k22  the  equation  (2)  has  the  form 
d2T 

k27  ,  2  +  Qv  =  0-  (2) 

dy 


Using  the  known  Burger-Lambert  law ,  obtain 

Qv  =<lo{l-r)ytrr{'b~y\  (4) 


where  r,  y  are  coefficients  of  reflection  and  absorption  of 
AOT  material. 

Substituting  (4)  into  (3)  and  solving  (3)  at  the  edge 
conditions 


=  0 


get  the  temperature  difference  within  the  AOT  volume 
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T{y)  =  T0 


«o(ML.£ 


y+~(l~ery)  ■ 


Thermoelectric  field  strength  Et  is  determined  by  the 
relation 

Er=aVT.  (6) 

Substitution  (5)  into  (6)  gives 

According  to  [5]  the  transverse  thermo-emf  is 
determined  by  the  following  relation 

e  =  j-\dy]dz]Eldx.  (8) 

C  o  0  0 

Then  substituting  (7)  into  (8),  get  the  expression  for  AOT 
s  =  q0(l-r)a^\l-Ml-e-*)\.  (9) 


4/7*^2  (l-e-*) 
q0{\-rfba2n 


The  substituting  (15)  into  (10)  with  account  for  (5),  get 


q0{\-r)bKl\  l  +  ^-(<rj4,-l) 
T0+q0{l-r)bK-2l  l  +  ^fe^-l) 

|  4/7*22  (l-^**) 

q0(l-r)2ba2n  l-^(l-e_?*) 


the  efficiency  of  such  devices  [6]  is  determined  by  the 
following  relation  [7] 

h-  <10) 

BT 

where  qc  is  the  Carnot  cycle  efficiency,  A  =  -f- ,  A  =  I2Rin  - 

the  work  performed  by  AOT  in  a  time  unit,  B  is  the  rate  of 
the  entropy  change  within  AOT  volume  which  has  the 
following  form 


d  _  Qo  2i  O 

D  — - —  K'j'ytJ 

T0  Tx 


,  01) 


T0  My* 0  Tl  My=t 


where  Qq,  Q\  is  the  heat  amount  on  the  lower  and  upper  sides 
of  AOT,  S  -  a  x  c  is  the  area  of  these  sides,  T\  is  the 
temperature  of  the  upper  side. 

For  the  studied  AOT  with  account  of  (5)  we  get  for  (11) 


B  =  q0{l-r)acT0-'(l-e-*) 


Current  I  flowing  through  AOT 


-rc-H.-M-,-*)!  (U) 

in  (*,  +^22  L  ^  'J 


Ri  +/^ 


where  Ri  =  p —  is  the  inner  resistance  of  AOT,  p  is  the 
be 

specific  resistance  of  the  material,  Rin  is  the  load  resistance. 
In  the  case  Ri=Ri„  the  expression  for  work  A  with  regard  for 
(13)  takes  the  following  form 

ql (l-rV abca\2  T  1/  .*\~|2 

A  =  — - l-Ml-e-*)  .  (14) 

Then  dimensionless  parameter  A  involving  into  the 
expression  for  the  efficiency,  q 


Analysis  of  (9)  and  (16)  shows  that  maximum  value  of 
transverse  thermo-emf  e  and  efficiency  rj  is  determined  by 

A 

anisotropy  both  as  of  a  coefficient  of  thermo-emf  a  and 

A 

coefficient  of  thermal  conduction  k  and  is  observed  at  some 
optimal  value  of  angle  <pov,  determined  from  the  conditions 

It  follows  from  (9)  and  (16)  with  account  of  (1)  that  for 
AOT  operating  conditions  called  by  the  regime  of  optical 
passing  (j?  is  the  coefficient  of  optical  absorption  of  a 
thermostat  material  with  the  height  b\),  the  expression  for 
thermo-emf  s,  efficiency  rj  and  figure  of  merit  of  AOT 
material  zA  are  shown  up  as 

9o(l-r)qa12?6 


g0(l- r)&/c2^> 

Vx  2TQ+q0(\-r)bKl\yb 

x  l+j£l 

q0{\-r)2ba\2yb  _ 
a?2(l-r)V 


For  the  regime  of  the  volume  absorption  y\b\  «yb  =  \ 
q0(l-r)aane-' 


2  T0+q0(\-r)bK~2\e~x 


9o(1~r)  bane  2 
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ayi-r),  -> 

Pk22  V  > 


(22) 


In  case  of  the  regime  of  surface  absorption  yb»  1 


q0(l-r)aal2 
S3  ~  ~ 


L22 


-1 


q^-r)bK22  ;; 

2  "H 
4py22 


1+- 


^0(l-r)  6a?2 


^-43  “ 


P^22 


(23) 


(24) 


(25) 


It  follows  from  (17)-(25)  that  the  good  use  of  the  studied 
thermoelements  as  energy  converters  is  promising  for  AOT 
operating  in  the  regime  of  the  surface  absorption.  Use  of  such 
anisotropic  thermoelectric  materials  as  superconductive 
ceramics  (Ybe2Cu3C>3,  Tr  =  300K)  crystals  of  chrome  silicide 
and  manganese  (Tr  =  100K)  single  crystals  Be  and  Re 
(7V=1400-200K)  [8-9]  makes  possible  to  develop  high 
temperature  thermogenerators  with  high  value  of  efficiency. 


Discussion  of  results 

Thermoelements  operating  at  the  regime  of  optical 
penetration  pioneered  to  realize  the  "transparent  wall" 
method  and  to  develop  means  for  registration  and  continuous 
control  of  radiant  flows  if  different  intensity.  As  it  was  shown 
in  [10,11]  the  basic  parameters  of  those  AOT  such  as 


volt/watt  sensitivity  S0y  equivalent  noise  power  ENP ,  limiting 
value  of  the  controlled  power  qr,  optical  transparency  F  and 
time  constant  x  are  represented  by  the  following  relations 


o  „r(l-'-)2«i2* 

*>0  —  3 

*22° 


ENP = 


,  X  1/2 

f*o  Tpf) 

(1  -rf^yb 

\  b  J 

k22  . 

9r=2d7V22[(l-r)2?*2]  > 

F  =  {l-r)2rb, 
t  =  0.04b2 


(26) 

(27) 

(28) 

(29) 

(30) 


where  kQ  is  Boltzman  constant,  AT  is  the  admissible 
temperature  of  AOT  material  overheating,  a0  is  AOT  material 
thermal  dififusivity. 

Table  1  gives  characteristics  of  really  existing  optically 
transparent  anisotropic  single  crystals  [12-14],  which  are  the 
most  suitable  for  development  of  feed-through  power 
detectors.  Table  2  gives  parameters  of  some  detectors  on  their 
basis.  These  table  data  correspond  temperature  7=3 00K. 

Changing  the  geometry  of  AOT  refracting  surfaces  and 
a  thermostat,  their  cross-section  forms  it  is  possible  to 
develop  different  structures  of  detectors  that  allow  along  with 
radiant  flows  registration  to  perform  the  required  power 
spectral  redistribution  at  the  simultaneous  their  use  as 
windows  of  various  radiators. 


Table  1.  Characteristics  of  optically  transparent  anisotropic  single  crystals 


Material 

Optical  transmission 
electric  region 

Coefficient  of 
optical  absorbity 

Coefficient  of 
transverse  thermo-emf 

Coefficient  of 
thermal  conductivity 

Coefficient  of 
conductivity 

A,  mcm 

cm'1 

Aa,  mcV  -K1 

k,  W-cm'1  K1 

cr,  Ohm"1 -cm'1 

CdSb 

2.6-40.0 

0.2 

200 

1.5-10'2 

0.3 

ZnSb 

2.4-27.0 

0.5 

150 

1.1  -10'2 

1.5 

CdAs2 

1.25-16.0 

0.5 

350 

2  10'2 

0.03 

ZnAs2 

1.36-21.0 

1.0 

220 

6  -10'2 

0.01 

CdS 

0.5-18.0 

0.5 

150 

2  -10'1 

0.6 

Te 

3.6-30.0 

0.2 

160 

3  -10'2 

4.0 
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Table  2.  Parameters  of  detectors 


Type  of 
detector 

Material  of  a 
thermoelement 

Material  of  a 
thermostat 

Volt/Watt  sensitivity 

s,  v-w1 

Maximum  density  of 
energy 
q0,  W-cm'2 

Working  sides 
area 

axe,  cm2 

Ann-i 

CdSb 

CdTe 

2  -10'5 

5-103 

0.3  x0.3 

Ann-2 

CdSb 

CdTe 

2 -Iff6 

4.5  -102 

1. Ox  1.0 

Ann-3 

CdAs2 

CdTe 

1  10'7 

3.6  -103 

4.0x4.0 

Ann-4 

ZnAs2 

CdTe 

1 -10'7 

1104 

0.8x0.8 

Ann-5 

CdS 

CdTe 

1  -Iff7 

2-104 

0.5x0.5 
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Abstract 

We  report  on  the  application  of  the  atomic  layer  thermo- 
pile  for  the  determination  of  both  the  temperature  profile 
near  a  heated  surface  and  the  radiation  profile  of  laser  ra¬ 
diation.  As  thermopile  we  used  a  YBa2Cu307_(5  (YBCO) 
film  grown  epitaxially  on  a  substrate  with  the  crystal  c- 
axis  tilted  away  from  the  substrate  normal.  Irradiating 
the  film  (at  room  temperature)  leads  to  a  temperature 
gradient  in  the  film,  resulting  in  a  voltage  signal  parallel 
to  the  film  surface.  The  origin  of  the  signal  is  due  to  the 
transverse  Seebeck  effect,  which  is  a  consequence  of  the 
anisotropy  of  YBCO.  We  made  use  of  this  effect  for  deve¬ 
loping  several  devices.  For  fast  non-contact  temperature 
measurement  we  prepared  a  small  sensor  (response  time 
less  than  30ns).  For  profile  analysis  of  laser  radiation  we 
developed  two  complete  systems.  One  is  suitable  for  cw 
lasers,  in  particular  for  C02  lasers.  The  cross-section  of 
the  laser  beam  is  scanned  by  a  rotating  aperture  facility. 
For  the  analysis  of  pulsed  laser  radiation  we  built  an  ar¬ 
ray  of  atomic  layer  thermopiles,  which  is  moved  stepwise 
across  the  laser  beam.  This  system  is  suitable  for  the  de¬ 
termination  of  radiation  profiles  of  pulsed  lasers  from  the 
UV  to  the  FIR.  Finally,  we  are  developing  the  detector 
head  of  a  third  system.  It  consists  of  100  small  atomic 
layer  thermopile  pixels  for  fast  online  profile  analysis  of 
cw  lasers. 

Introduction 

The  transverse  Seebeck  effect  was  described  theoretical¬ 
ly  already  in  1941  [1].  Recently,  the  effect  was  observed 
for  YBa2Cu307_5  thin  films  [2],  which  were  characteri¬ 
zed  as  atomic  layer  thermopiles  [3];  besides  the  transver¬ 
se  Seebeck  effect,  various  other  effects  have  been  discus¬ 
sed  as  possible  origins  of  voltage  signals  of  YBCO  films 
[4,  5,  6,  7,  8].  Now,  the  transverse  Seebeck  effect  has  al¬ 
so  been  observed  for  TlBa2Ca2Cu309  [9],  PrBa2Cu307_5 
[10],  Bi2Sr2Ca2Cu309  [11],  and  Bi  single  crystals  [12]. 
The  atomic  layer  thermopile  combines  several  detector 
properties,  such  as  a  wide  spectral  range,  a  large  dyna¬ 
mical  range  of  more  than  11  orders  of  magnitude  [2],  a 
high  damage  threshold  (lMW/cm2)  for  laser  radiation. 
For  very  thin  YBa2Cu307_$  films  the  electrical  bandwidth 
extends  from  dc  up  to  ~  1  GHz,  i.e.  the  response  time  is 
~lns  [13].  These  properties  are  not  attainable  at  once 
with  a  conventional  detector,  such  as  a  thermopile  or  a 
pyroelectric  detector  [14]. 

The  transverse  Seebeck  effect 

For  our  devices  we  used  thin  YBCO  films.  The  films  were 
grown  epitaxially  on  SrTi03  or  LaA103  substrate  crystals 


by  pulsed  laser  deposition.  The  substrate  of  a  film  was  cut 
in  a  special  way  so  that  the  crystal  c-axis  (fig.l)  of  the  film 
material  had  a  tilt  angle  (a)  with  respect  to  the  surface 
normal  (^-direction).  Perpendicular  to  the  c-axis  is  the 
(a6)-plane  of  the  YBCO  material,  which  is  characterized 
by  Cu02  atomic  layers  and  intermediate  layers  (containing 
BaO  atomic  layers  and  CuO  chains). 


Fig.l:  YBCO  film  with  the  c~axis  tilted  by  an 
angle  a  with  respect  to  the  macroscopic 
surface  normal 

Applying  a  temperature  gradient,  VT,  leads  to  a  thermo¬ 
electric  voltage  signal,  according  to  the  equation  [3,  15] 

E  —  5  VT  (1) 

where  E  is  the  electric  field  in  the  film  and  S  the  See¬ 
beck  coefficient,  which  is  a  2nd  rank  tensor.  Equation  (1) 
follows  from  the  first  Onsager  equation 

j  =  d(E  —  S  VT)  =  0  (2) 

in  the  currentless  state  (<r,  conductivity).  For  a  YBCO 
film  with  the  c-axis  tilted  with  respect  to  the  direction  of 
the  temperature  gradient,  the  Seebeck  tensor  has  the  form 


where  y  is  the  tilt  axis  and  x ,  lying  perpendicular  to  z 
and  t/,  is  directed  along  the  film  surface.  Inhomogeneous 
heating  of  the  film  either  by  laser  radiation  oj  by  a  ther¬ 
mal  source  leads  to  a  temperature  gradient  VT  =  A T/d 
(< d ,  film  thickness)  perpendicular  to  the  film  surface,  where 
AT  is  the  temperature  difference  between  film  surface  and 
backside  (at  the  film/substrate  interface).  The  tempera¬ 
ture  gradient  causes  a  thermoelectric  field 

Ex  =  Sxz  AT/d  (4) 
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which  is  oriented  parallel  to  the  film  surface.  The  ther¬ 
moelectric  voltage  resulting  from  the  electric  field  is  then 
given  by 

Ux  =  Sxz  AT  l/d  (5) 

where  l  is  the  length  of  the  heated  area.  The  off  diagonal 
element  is  given  by 

Sxz  =  ( Sab  -  Sc)  sin  a  cos  a  (6) 

where  Sab  and  Sc  are  the  Seebeck  coefficients  perpendicu¬ 
lar  and  parallel  to  the  c-axis,  respectively.  For  tilt  angles 
Of  <20°,  equation  (5)  can  be  written  as 

U  =  AS  AT  a  l/d  .  (7) 

For  YBa2Cu307-<5,  with  8  «  0,  Sab  ~  — 2/iV/K  and 
Sc  ~  25/iV/K  [16],  so  that  AS  »  -30/iV/K.  Laser  radia¬ 
tion  has  a  small  penetration  depth  in  the  film  (~  lOOnm). 
Accordingly,  the  temperature  gradient  AT /d  and  the  ra¬ 
tio  l/d  can  be  very  large  (e.g.  l/d  ~  105),  For  a  lOOnm 
thick  film  with  a  —  20°  and  a  heated  area  of  a  length 
/  =  1cm,  equation  (7)  gives  a  senstitvity  U/ AT  «  1  V/K. 
Thus,  even  a  small  temperature  difference  leads  to  a  signi¬ 
ficant  output  voltage.  The  response  time  of  the  detector 
depends  on  the  film  thickness,  which  determines  the  heat 
diffusion  from  the  film  to  the  substrate  [13].  For  very  thin 
films  (d  <  40nm)  the  heat  escapes  very  fast  leading  to  a 
response  time  of  <  Ins.  YBCO  and  other  cuprate  films 
have  low  penetration  depths  (of  the  order  of  lOOnm)  for 
radiation  from  the  UV  to  the  far-infrared  (FIR)  frequency 
range.  The  atomic  layer  thermopile  is  therefore  applicable 
for  detection  of  radiation  from  the  UV  to  the  FIR  range, 
and  even  for  detection  of  millimeter  wave  radiation. 

Temperature  sensor 

We  have  built  a  small  and  fast  temperature  sensor  for  non 
contact  temperature  measurements.  For  this  purpose  we 
used  a  commercially  available  YBa2Cu307-a  atomic  layer 


Fig.  2:  Atomic-layer  thermopile  temperature 
sensor 


Fig.  3:  Temperature  distribution  across  a  heated 
spot  on  a  sheet  steel 

thermopile  on  a  SrTi03  substrate  [17].  Electrical  contacts 
with  a  distance  of  200/zm  were  made  by  sputtering  gold 
onto  the  film  surface.  With  a  diamond  wire  saw  we  cut 
off  a  small  piece  (~  300  x  300/im2)  and  fixed  it  on  the  tip 
of  a  glass  rod  (fig. 2).  The  gold  contacts  of  the  sensor  were 
connected  with  90/zm  thick  copper  wires  with  silver  paste. 
The  atomic  layer  thermopile  can  be  applied  for  a  tempera¬ 
ture  measurement,  because  heat  conduction  through  the 
substrate  acts  as  a  heat  sink,  which  leads  to  a  temperature 
gradient  in  the  film.  To  demonstrate  the  capability  for  a 
local  temperature  measurement,  we  heated  a  0.1mm  thick 
sheet  steel  from  one  side  with  pulses  of  a  laser  (duration 
5ms;  energy  4J;  beam  diameter  0.8mm)  and  measured  the 
local  distribution  of  the  temperature  at  the  other  side  of 
the  sheet.  The  detector,  scanned  over  the  hot  spot,  indi¬ 
cated  a  signal  (fig. 3)  of  a  half  width  slightly  larger  than 
the  heated  spot  —  corresponding  to  the  heat  diffusion  in 
the  sheet  steel.  In  the  experiment  we  used  a  low  noise  dc 
amplifier  at  an  amplification  factor  of  2000.  At  a  distance 
of  1mm  between  metal  and  sensor,  the  maximum  voltage 
was  ~  400mV.  In  another  experiment,  using  a  cw  laser  for 
heating,  we  calibrated  the  sensor  in  the  range  of  300° C 
to  400°G,  using  a  Ni/NiCr  thermocouple  as  reference.  In 
this  experiment  we  reached  an  accuracy  of  2°C  for  the 
temperature  measurement. 

Analysis  of  a  cw  laser  profile 

We  have  developed  an  atomic  layer  thermopile  (area 
15  x  15  mm2)  for  cw  laser  beam  analysis.  The  detector  is 
placed  behind  a  rotating  metal  disk.  The  disk  has  15  small 
apertures  of  the  same  size  (diameter  800/im)  with  equal 
distance  from  each  other  but  increasing  distance  from  the 
center  of  the  disk  (fig.  4).  This  kind  of  mechanical  scanner 
was  used  for  the  first  time  by  the  television  pioneer  Paul 
Nipkow  in  1884.  During  one  rotation,  i.e.  within  200ms, 
the  cross-section  of  the  laser  beam  is  completely  scanned. 
Each  aperture  produces  a  one-dimensional  profile.  The  15 
profiles  are  digitized,  patched  together  and  displayed  on 
a  computer  screen.  The  resolution  was  —  660  pixels/cm2 
and  the  maximum  area  was  15  x  12  mm2.  As  an  example, 
fig.  5  shows  the  intensity  profile  of  the  farfield  of  a  diode 
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Fig.  4:  Atomic-layer  thermopile  Nipkow  system 


Fig.  6:  Pixel  array  of  atomic  layer  thermopiles 
and  scanning  direction  (arrows)  with  re¬ 
spect  to  a  laser  beam 


laser  at  a  wavelength  of  807nm.  It  shows  the  typical  hare 
ear  shape. 

The  Nipkow  system,  with  a  resolution  of  8  bit,  is  suita¬ 
ble  for  laser  powers  from  100mW/cm2  up  to  ~  lkW/cm2 
(maximum  power  on  the  detector  ~  30 W).  The  Nipkow 
system  is  applicable  for  the  analysis  of  radiation  of  lasers 
from  the  UV  to  the  FIR.  Because  the  reflectivity  increa¬ 
ses  for  YBCO  with  increasing  wavelength,  the  YBCO  film 
has  been  covered,  for  the  FIR  detection,  with  an  absorbing 
film.  This  leads  to  a  rise  of  the  response  time  to  ~  1/js  be¬ 
cause  of  the  increased  heat  resistance,  which  is,  however, 
no  disadvantage  of  the  system. 


Fig.  5:  Profile  of  the  radiation  of  a  diode  laser 
(farfield) 

Analysis  of  pulsed  laser  radiation 

For  the  analysis  of  pulsed-laser  radiation  we  manufactu¬ 
red  an  array  of  a  16-pixel  YBCO  atomic  layer  thermopile 
with  gold  contacts.  By  a  simple  mechanical  arrangement, 
the  array  is  moved  stepwise  across  a  laser  beam  (fig. 6). 
The  array  is  placed  in  a  dual-in-line  (DIL)  housing  with 
the  gold  contacts  of  the  pixels  bonded  to  the  housing  base. 
The  DIL  housing  is  plugged  to  the  scanning  facility,  which 
is  integrated  with  an  electronic  processing  unit.  The  DIL 
housing  with  the  array  can  easily  be  removed  from  the 
complete  system.  In  this  way  the  system  can  be  adapted 


to  different  requirements.  We  have  prepared  an  array  with 
a  pixel  width  of  800/mi  and  another  with  a  pixel  width  of 
300/im.  The  dimension  in  the  scan  direction  was  variied 
by  slit  apertures  from  0.1  to  1mm,  which  were  fixed  above 
the  array.  The  scan  length  was  45mm.  The  system  was 
designed  for  pulse  lengths  <  100ns.  The  power  was  inte¬ 
grated  for  100ns.  Fig. 7  gives  an  example  for  the  intensity 
distribution  of  the  radiation  of  a  pulsed  FIR  laser  with  a 
wavelength  of  250//m.  The  distribution  is  almost  gaussian 
with  a  half  width  of  about  2mm. 


Fig.  7:  Profile  of  pulsed  FIR  laser  radiation 
(250/zm) 

Conclusion 

We  have  developed  a  sensor  suitable  for  temperature  mea¬ 
surements  and,  furthermore,  two  systems  for  laser  beam 
profiling,  one  for  cw  lasers  and  the  other  for  pulsed  la¬ 
sers,  using  YBa2Cu307-$  atomic  layer  thermopiles.  The 
systems  should  be  suitable  to  control  lasers  in  material 
processing  and  medicine. 

The  detector  sizes  of  the  devices  can  be  structured  to  reach 
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higher  spatial  resolution.  At  present,  we  are  developing  a 
detector  head  with  a  10  x  10  pixel  matrix  of  atomic  layer 
thermopiles.  The  size  of  one  pixel  is  0.5  x  0.7  mm2.  The 
signals  of  the  atomic  layer  thermopiles  can  be  stored  in 
amplifier-multiplexer  array  chips  and  forwarded  to  a  digi¬ 
tal  signal  processor.  With  such  a  system,  one  can  achieve 
a  fast  online  profile  analysis  of  cw  laser  radiation. 
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